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SUMMARY

Two differential (dual input, single output) drives (a roller-gear and a pure roller), and a
momentum balanced (single input, dual output) drive (pure roller ) were designed,
fabricated, and tested. The differential drives are each rated at 295 rad/sec (2800 rpm) input
speed, 450 N-m (4,000 in-1bf) output torque. The momentum balanced drive is rated at 302
rad/sec (2880 rpm) input speed, and dual output torques of 434N-m (3840 in-1bf). The Dual
Input Differential Roller-Gear Drive (DC-700) has a planetary roller-gear system with a
reduction ratio (one input driving the output with the second input fixed) of 29.23:1. The
Dual Input Differential Roller Drive (DC-500) has a planetary roller system with a reduction
ratio of approximately 24:1. Each of the differential drives features dual roller-gear or roller
arrangements consisting of a sun, four first row planets, four second row planets, and a ring.
The Momentum Balanced (Grounded Ring) Drive (DC-400) has a planetary roller system
with a reduction ratio of 24:1 with both outputs counterrotating at equal speed. Its single
roller cluster consists of a sun, five first and five second row planets, a roller cage or spider
and a ring. Outputs are taken from both the roller cage and the ring which counterrotate. Test
results reported for all three drives include angular and torque ripple (linearity and cogging),
viscous and Coulomb friction, and forward and reverse power efficiency.

Of the two differential drives, the Differential Roller Drive had better linearity and less
cogging than did the Differential Roller-Gear Dsive, but it had higher friction and lower
efficiency (particularly at low power throughput levels). Use of full preloading rather than a
variable preload system in the Differential Roller Drive assessed a heavy penalty in part load
efficiency. Maximum measured efficiency (ratio of power out to power in) was 95% for the
Differential Roller-Gear Drive and 86% for the Differential Roller Drive.

The Momentum Balanced (Grounded Ring) Drive performed as expected kinematically.
Reduction ratios to the two counterrotating outputs (design nominal=24:1) were measured to
be 23.98:1 and 24.12:1 at zero load.. At 250Nm (2200 in-Ibf) output torque the ratio changed
2% due to roller creep. This drive was the smoothest of all three as determined from linearity
and cogging tests, and maximum measured efficiency (ratio of power out to power in) was
95%. The disadvantages of full preloading as compared to variable preload were apparent in
this drive as in the Differential Roller Drive. Efficiencies at part load were low, but improved
dramatically with increases in torque. These were consistent with friction measurements
which indicated losses primarily from Coulomb friction. The initial preload level setting was

low so roller slip was encountered at higher torques during testing.



SYMBOLS

a contact ellipse semi-major axis, mm (in.)
b contact ellipse semi-minor axis, mm (in.)
A a
X1
X2 roller or gear radii, mm (in.)
y1
c
C spline pitch diameter, mm (in.)
D diameter, mm (in.)
d
E modulus of elasticity, GPa, (psi)
F tangential force, N (1bs)
f coefficient of friction
G shear modulus of elasticity, GPa (psi)
H high speed shaft
HI inner high speed shaft
H2 outer high speed shaft
I moment of inertia, mm?* (in%)
J polar moment of inertia, mm#4 (in%)
K stiffness, Nm/rad (inlbf/rad)
L low speed shaft
. length, mm (in.)
L inner low speed shaft
Ly outer low speed shaft
1 length, mm (in.)
N number of gear teeth
normal load, N, (Ibs)
P power, watts (inlbf/sec)
gear pitch
R cluster ratio with carrier or cage stationary
ratio, drive
S stress, N/m2 (psi)
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Hi1

torque, Nm (in-1bf)

angular acceleration, rad/sec/sec

deflection, mm (in.)
efficiency, dimensionless

traction coefficient, dimensionless

angular velocity, rad/sec (rpm)

stress, GPa (ksi)
angle, rad (deg)

Subscripts

bending

cage or carrier
compressive
grounded ring

high speed shaft
inner high speed shaft
outer high speed shaft
input

element no.

low speed shaft

inner low speed shaft
outer low speed shaft
output

planet roller

ring roller

reaction

sun roller

shear

tangential

coordinate directions
torsional

first row planet roller
second row planet roller

cluster number



INTRODUCTION

Stick-slip problems associated with starts and stops of motors which drive robotic joints and
servomechanisms in both terrestrial and spatial applications could significantly penalize the
performance of such mechanisms. Control systems are not able to cope with sudden changes
from static to dynamic friction without compromises in performance. Differential
transmissions with continuously rotating dual inputs and the capability of providing forward,

zero, and reverse output rotation should make possible improved robotic performance.

Planetary traction drives which provide smooth, backlash free torque transfer with low levels
of torque ripple and noise [1]1 are ideal for such applications. In [2] two types of robotic
positioner and dynamic experiment drives were investigated for use in systems which require
mantenance of torque and/or angular momentum balance. Planetary traction drives which
provide dual, counterrotating, matched output speeds only if the torques are equal were
termed "torque matched" drives . Drives which provide dual, counterrotating, matched
output speeds regardless of the output torques were termed "speed matched" drives.
Geometries and sizes, kinematic, efficiency and fatigue life analyses for two torque matched
drives, as well as feasibility studies of two speed matched drives were completed in [2]. In
[3] designs of two speed matched drives were completed and compared with the torque
matched drives designed in [2]. The torque and speed matched drives were compared on the
basis of size, weight, efficiency, and fatigue life. Dual input differential dnive configurations
were also investigated in [3] for use as a robotic transmission requiring smooth motion
transfer without stick-slip irregularities. A concept incorporating dual clusters was chosen as

least risky for detail design, fabrication, and test.

The objectives of this investigation were to:

1. Complete detailed designs and manufacturing drawings for two versions of a dual
input differential drive (one pure roller, and one roller-gear) with a nominal ratio of 24:1.

2. Fabricate, assemble, and check out the roller and roller-gear differential drives.

3. Complete detailed design and manufacturing drawings for a dual counterrotating
output, momentum balanced roller drive with a nominal ratio of 24:1.

4. Fabricate, assemble, and check out the momentum balanced roller drive.

5. Design, fabricate, and check out a test facility for experimentally evaluating the
linearity, friction, efficiency, and cogging of the two differential drnives and the momentum

balanced drive.

I Numbers in brackets refer to references.



6. Experimentally evaluate the linearity, friction, efficiency and cogging of all three
drives.
~ 7. Prepare a report which includes all pertinent design information, all pertinent test
results, an analysis of the results, and an evaluation of each of the drives.

DRIVE DESIGNS
DUAL INPUT DIFFERENTIAL ROLLER-GEAR DRIVE (DC-700)

For consistency and ease of comparison with drives previously developed [3,4 and 5], the
drives investigated herein were sized for an output torque capacity of 452Nm (4000inlbs), an
output speed capability of 120 rpm, and a nominal ratio of 24:1 The finalized geometric
arrangement for the Dual Input Differential Roller-Gear Drive is shown in figure 1. Roller-
gear cluster 1 has a non-rotating ring roller-gear fixed to the housing, while cluster 2 has a
rotating ring roller-gear from which the output is taken. Kinematic operation of the drive,
development of roller and gear geometries, key stress and deflection calculations, assembly
procedure, and inspection results at assembly will be discussed prior to discussion of test
results in a later section.

Kinematics

To review briefly the kinematic analysis of [3], the angular velocities of the components are

as follows (angular velocities of shafts are assumed positive pointing out of the drive or

traansmission):
Cluster ratio R: R = (N¢ /Ny1)(Nx1 /Na) )
Cage: we=wya / (1-R) )
Cluster 1:
2nd Planet: wyp1 = wH2 (1-N¢ /Nx2) /(1-R) 3)
Ist Planet: w1p1 = wH2 (1+Nc /Ny1) /(1-R) 4
Cluster 2:
2nd Planet: wap2 = o [1/(1-R) - (1/(1-R)(R)(N¢ /Nx2)]
+(wp1 /R)(Nc /Nx2) &)
1st Planet: w1p2 = wy2 [1A1-R) + (1/(1-R)(R)(N¢ /Ny )]
- (w1 /R)(N /Ny1) (6)
Rotating Ring: WR?2 = W = (W2 - wyy) /R @)

If the inputs wyy; and wyy are of opposite sense, then the output speed will be greater than

—
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either input speed divided by R. Both input torques will be in the direction of the inputs
(positive) and there will not be any recirculating power loss. In a robotic application that is
not the purpose of employing a differential, so that will not be the mode of operation.

When wp1 and wyy2 are of the same sense, then the output speed will be less than the greater
input speed divided by R. One of the two input torques will be negative (that input will be a
power absorber or brake rather than a driver). There will then be a recirculating power loss.
This will be the operating mode of the differential drive. It will be used with two
unidirectional variable speed inputs to produce low magnitude bidirectional output speeds,
with a non-rotating output achievable without having to stop either input. This eliminates the

stick-slip uncertainties associated with starts and stops.

The input power to the drive (disregarding signs) will be

P = o2 THz + o1 TH )
For equilibrium of the cage or planet carrier
THz2 (R-1) =- TH1 (R-1) &)

Equation (9) confirms that one of the torques must be negative.

The output power will be

Po = (op2 - wHD T (10)
The efficiency (neglecting friction losses) will be
M =(1- wyy / wy2 ) /(1 + wH1 / ©H2) (11)

Efficiency (as influenced by recirculating power loss, neglecting friction losses) is shown as a
function of the ratio of input speeds in figure 2. It illustrates dramatically how the input
speeds influence efficiency. From eq. 8 it is obvious that recirculating power losses can be
kept low by reducing input speeds when the desired output speed is low or near zero.
For purposes of gear stress calculations (from [3])

Tri=- T2 R (reaction torque at non-rotating

ring roller-gear) (12)

Tr2=- Ty1 R (output torque) (13)
The output and reaction torques will be equal to the input torques multiplied by the cluster
ratio.



Cluster Geomet

The Hinge Joint Drive (NA-300A), with a gear system designed by the method presented in
[4], and final designed, fabricated, and tested in [5] was considered a candidate gear design
for the Dual Input Differential Roller-Gear Drive. Four other gear arrangements were
developed using the method of [4] for comparisor.. These are shown in Table I. Each of the
four designs shown is more compact than the Hinge Joint and three of the four have ratios
slightly closer to the 24:1 ratio of the Dual Input Differential Roller Drive. However, the
smaller diameter sun roller-gears posed a problem with the required hollow configuration of
the input side sun roller-gear to allow passage of a quill shaft to the output side sun roller-
gear. The roller-gear configuration of the Hinge Joint Drive was therefore chosen for the
Dual Input Differential Roller-Gear Drive, since its size permits retrofitting into the same

housing as the Dual Input Differential Roller Drive.

Gear data for each of the roller-gear clusters is shown in Table II. A detailed development of
the cluster geometry by the method of [4], and calculation of gear stresses by the methods of
[6] are presented in APPENDIX A. Data for the rollers which act in conjuncton with the
gears is shown in Table III. Rollers are sized to transmit 20% of the torque assuming a
traction coefficient of .06 at the sun-first planet zontacts. Included in Table III are roller
sizes, normal and tangential forces, Hertz contact widths, stresses, amd deformations. Also
shown are the ring roller radial deflections at the contact points with the second row planets,

and inner fiber stress resulting from ring bending [7].

The quill shaft through which torque is inputted to the output side sun roller-gear must pass
through the input side sun roller-gear (see figure 1). This results in some thin sections and
potentially adverse stress conditions. Stress studies were made of the quill shaft and splines,
as well as roller fits to establish that stress and deflection conditions were satisfactory. A

summary of the calculations is presented in APPENDIX B.

It was not necessary to make stress calculations for parts other than the gears and rollers
which comprise the clusters, and the sun roller-gears, quill shaft, and splines.

Drawings

The Dual Input Differential Roller-Gear Drive is defined by assembly drawing DC-700.
Individual parts are detailed on drawings DC-700-01 through DC-700-36. Each of the part

drawings provides complete material and processing information necessary for manufacture.
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The Assembly Fixture is defined by drawings DC-700-37, DC-700-39 and DC-700-40.

Assembly

Assembly Procedure.- Prior to completion of parts fabrication, an Assembly Procedure was
worked out. During and after assembly it was modified to incorporate the changes that hands
on experience indicated would facilitate easier assembly. The revised Assembly Procedure is
given in APPENDIX C.

Assembly Notes.- Measurements were made between pins on the Ring Gears (print
dimension is 9.2981/9.3010in.)

Ring Gear No. 1

Short dowel side: 9.2989

9.2983

9.2086 average
Long dowel side: 9.2994

9.2092

9.2093 average
Overall average 9.29895

Ring Gear No. 2

Short dowel side: 9.2988

9.2985

9.2993

9.2089 average
Long dowel side: 0.2985

9.2985

9.2081

9.2984 average
Overall average 9.29865

Both Ring Gears were within print.

Roller-gear clusters assembled quite easily, following the Assembly Procedure and using the
Assembly Fixtures, to the point of mounting the ring gear. That proved to be very difficult.
When finally assembled, the cluster was so tight it couldn't be rotated. At that point the ring

8



gear was removed for detailed measurements of all gears. Measurements over pins were
made on sun gears, first planet pinions, first planet gears, and second planet gears. All of
these gears had been nitrided. Results of the measurements were as follows:

a) Sun "a" gears (print dimension .9768/.9757in.)
Both sun gears measured .9772in. (.0004in. over the high limit).

b) First planet "y1" pinions (print dimension .8423/.8414in.)
Measurements on the sixteen pinions ranged from .8418 to .8426in. (-.0005 to
+.0003in. relative to the high limit).

c) First planet "x1" gears (print dimension 1.9961/1.9947in.)
Measurements on the eight gears ranged from 1.9968 to 1.9978in. (+.0007 to
+.0017 relative to the high limit).

d) Second Planet "x2" Gears (print dimension 3.6975/3.6963in.)
Measurements on the eight dual gears ranged from 3.6977 to 3.7000in. (+.0002
to +.0025 relative to the high limit).

It was obvious from these measurements that the gears had grown from the nitriding. Not
checking the pin dimensions after nitriding was a costly error. Growth of the "a" and "y1"
gears was minimal, and they were accepted. The "x1" and "x2" gears were sent back to the
gear shop for rework. The "x1" rollers had to be destructively removed by EDM, and made
over again after reworking the gears. Assembly was stopped for the rework, and was resumed

after a ten day delay.

Gear measurements after rework are shown on Table IV. Also shown are the Index Errors
between the "y1" and "x1" gears (these were measured at the gear shop), and the cluster (#1

or 2) into which each planet and ring gear was assembled.

Roller measurements, taken earlier, are shown on Table V. All roller diameters were within

print dimension limits.
The location of all planet roller-gears in both clusters is shown in Figures 3a and 3b.

After the gear rework, assembly went smoothly (ring gears went on easily) up to the point of
shrinking the ring rollers into place in the two roller clusters. After the ring rollers were in

9



place, we noted gear cogging. There were eighteen well defined cogs per revolution of either
input, indicating that the ax1 mesh was bottoming. We decided to continue assembly to
ascertain that no other problems existed, and then to do detailed calculations of backlashes in
all the gear meshes (based on actual pin measurements), and to recheck the ring roller fitup

over the planet rollers.

Assembly was completed and 200z of Santotrac 50 was installed. The drive was run at
speeds to 660 rpm on the Bridgeport, with each input driven separately in both forward and
reverse. No torque was applied to the output. The drive functioned satisfactorily

Assembled weight was 120 lbs.

Post Assembly.- Backlash levels were calculated based on measurements over pins without
considering compression of the cluster due to roller preloading. Values of backlash for
operation at the theoretical pitch circle were as follows:

ax1 mesh: .0009 min. to .0018in. max.
y1x2 mesh  .0016 min. to .0018in. max.
y2c mesh .0021 min. to .0022in. max.

These seem to be satisfactory, although four of the eight ax1 meshes were .001in. or less,

which is too tight prior to roller preloading.

Next the ring roller fitup was chcked using actual roller measurements. Roller load, contact
stress, and deflection data are shown on Table VI. It was found that the ring roller inside
diameter was .004in. too small for a roller compression capable of transmitting 20 percent of
the rated torque. The major source of gear cogging appears to be the error in ring roller fitup.
It was decided to increase the inside diameter of the ring rollers to achieve, by trial and error

if necessary, the ring roller fitup that allows cog-free gear action.

Ring Rollers were reworked to 9.3730/9.3734 in. but gear action was still a little tight so the
dimension was reset to 9.3740/9.3744 in. With that Ring Roller fitup, gear action was cog
free and smooth. Only an occasional slight catch was felt when the Sun Roller/-Gear was
rotated by hand. The final Ring Roller diameter corresponds to a roller torque level of 12 to

14 percent.
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DUAL INPUT DIFFERENTIAL ROLLER DRIVE (DC-500)

The Dual Input Differential Roller Drive was also sized for an output torque capacity of
452Nm (4000inlbs), an output speed capability of 120 rpm, and a nominal ratio of 24:1 The
finalized geometric arrangement for the Dual Input Differential Roller Drive is shown in
figure 4. Roller cluster 1 has a non-rotating ring roller fixed to the housing. The sun roller of
cluster 1 is directly driven from an external spline connection., Cluster 2 has a rotating ring
roller from which the output is taken. Its sun roller is driven by a quill shaft which passes
through the cluster 1 sun roller. The cluster carrier and both sets of planet rollers orbit as a
solid body, although the angular velocities of the two sets of first and second row planet
rollers can be, and usually are, quite different.

Kinematic operation of the drive, development of roller geometries, key stress and
deflection calculations, assembly procedure, and inspection results at assembly will be

discussed prior to discussion of test results in a later section.
Kinematics

The kinematic analysis of the Dual Input Differential Roller Drive (presented originally in
[3]) closely parallels that of the Dual Input Differential Roller-Gear Drive with roller radii
used in place of numbers of gear teeth. The angular velocities of the components then
become as follows:

Cluster ratio R: R=(c/y1)(x1/a) (19
Cage: we= w2/ (1-R) (15)
Cluster 1:
2nd Planet: anp] = w2 (1-¢ /xp) /(1-R) (16)
1st Planet: w1p] = wp (1+c /yy) /(1-R) 17
Cluster 2:
2nd Planet: wppz = wiyp [1/(1-R) - (1/(1-R)(R)(c /x32)]
+Hwpg /R)(c /x2) (18)
1st Planet: wip2 = wy2 [1/(1-R) + (1/(1-R)(R)(c /yp)]
- (wry1 /R)(c/y1) (19)
Rotating Ring: WR2 = Wo = (w2 - wHy) /R (20)

As previously discussed for the Dual Input Differential Roller-Gear Drive, if the inputs
wy; and wyy are of opposite sense, then the output speed will be greater than either input

speed divided by R. Both input torques will be in the direction of the inputs (positive) and
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there will not be any recirculating power loss. In a robotic application that is not the purpose
of employing a differential, so that will not be the mode of operation.

When wh1 and wpz are of the same sense, then the output speed will be less than the
greater input speed divided by R. One of the two input torques will be negative (that input
will be a power absorber or brake rather than a driver). There will then be a recirculating
power loss. This will be the operating mode of the differential drive. It will be used with
two unidirectional variable speed inputs to produce low magnitude bidirectional output
speeds, with a non-rotating output achievable without having to stop either input. This

eliminates the stick-slip uncertainties associated with starts and stops.

Equations for input power, output power, torques and efficiency are the same as given for
the Dual Input Differential Roller-Gear Drive (equations 8 through 13) As before, eff iciency
(as influenced by recirculating power loss, neglecting friction losses) is shown as a function

of the ratio of input speeds in figure 2.

Cluster Geomet

Results of the computer program which sizes the rollers and establishes approximate cluster
geometry were presented in [3]. Table VII summarizes roller radii and, for the full output
torque conditions of 452Nm (4000inlbs.), normal forces, contact ellipse dimensions, Hertz
stresses and Hertz compressions. Hertz compressions are required to determine effective

roller radii under load and ring roller radii for desired preloading.

Other than the cluster rollers and the quill shaft driving the cluster 2 sun roller, none of the
parts are subjected to stress levels that require detailed stress analysis. As shown on Table
VII, the ring roller maximum bending stress under full torque conditions is .153GPa (22,200
psi). That stress level precludes the use of a through hardened alloy, so a case carburized
steel is used. A stress analysis of the sun roller quill shaft was not done because its geometry
and the torque carried are the same as those of the quill shaft in the Dual Input Differential

Roller-Gear Drive. That analysis is presented in APPENDIX B.
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Drawings

The Dual Input Differential Roller Drive is defined by assembly drawing DC-500. The
assembly drawing includes a listing of commercial parts as well as a listing of all fabricated
parts. Individual parts are detailed on drawings DC-500-01 through DC-500-34. The roller
drawings include coordinate tables for NC machining and metrology. Each of the part
drawings provides complete material and processing information necessary for manufacture.

Assembly

Assembly Procedure.- Prior to completion of parts fabrication, an Assembly Procedure was
worked out. During and after assembly it was modified to incorporate the changes that hands
on experience indicated would facilitate easier assembly. The revised Assembly Procedure is
given in APPENDIX D.

Assembly Notes.- Sun and planet rollers were gaged for the record and to ascertain
conformance with print dimensions. Gaging was done on an optical comparator. X-
coordinates were measured from a shoulder with an estimated accuracy of +/- .001in.. This
would make the accuracy of gage diameter measurement approximately +/- .0002in.
Measurements are summarized on Table VIII. Sun roller "a" diameters were slightly
undersized, varying from -.00035 to -.0008in. First planet "x1" diameters varyed from O to
+.0003in., and "y1" diameters varied from -.0001 to +.00035in.. Second planet "x2"
diameters varied from -.00035 to +.00045in.. These diameters are acceptably consistent.

Cross radius checks were made on selected "y1" and "x2" surfaces. On first planet number 8
the 10.4in. radius was measured as 10.03in. On second planet, stationary ring roller, number
4, plain side, the -14.9in. radius was measured as -14.62in. On second planet, rotating ring
roller, number 1, long end, the -14.9in. radius was measured as -15.04in. Overall roller

geometries were quite acceptable.

The arrangement of first planet and second planet rollers in the two cluster assemblies is
shown in figure 5. Referring to assembly drawing DC-500, the following were measured:
Input side X DIM. = 1.060/1.070in.
Output side X DIM = 1.075/1.085in.
A .010in. span is shown in each because of the difficulty of picking up the point at which
solid ring roller contact is made with the second planets.
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From these measurements and calculations of second planet-ring roller engagement, the
Preload Fitted Shims, DC-500-23, should be as follows for 100% preload:

Input side = .106in.

Output side = .091in.

Problems were immediately encountered in Assembly Procedure steps (20) and (21) in
attempting to preload the roller clusters (they became very tight), so we decised to postpone
preloading until we could recalculate the relationship between cluster preload (torque
capacity) and ring roller shim thickness. Assembly of the roller clusters without shims in
place results in a cluster preload level of about 50 percent.

For the input side assembly, Brg Hsg, Input, DC-500-31 and Seal Carrier, DC-500-29 were
mated with the Sun Roller and Cluster Carrier bearings without the Input Housing, DC-500-
O1. This proved easier than working with the entire assembly.

The most difficult part of the entire assembly was mating the Sun Roller Brg. Housing, DC-
500-11, with the sun roller and the cluster carrier bearings. We worked without the Output
Spindle, DC-500-12, in place. Then, after DC-500-11 was mated, we removed the cup nut
and the jam nut and installed the sun roller locknut. The cup nut and jam nut were reinstalled,
followed by the output spindle. Finally the Output Housing, DC-500-10 was mated with the
output spindle. The seal carrier was removed for installation of the locknut on the output

spindle. The seal carrier was then reinstalled.

Seals and pipe plugs were not installed, nor was the unit charged with Santotrac 50 fluid.
These were withheld until the preload situation could be resolved.

Final dry weight was 95 Ibs.

Post Assembly.- The averages of planet roller dimensions obtained at asembly were used to
recalculate the second planet-ring roller engagement points. Roller dimensions were
corrected for Hertzian deformations at 0, 25%, 50%, 75% and 100% preload levels. Figure 6
illustrates roller spacing at the different levels of preload. The dimensions represent a+xj,
y1+x(with y1), z, and xp(with ¢). Figures 7a through 7f are the second planet-ring roller
engagement diagrams for the initial setup, the initial engagement point, zero load, and the
four levels of preload. From the diagrams of figure 7, a curve of preload level as a function
of ring roller travel is constructed. This is shown in figure 8. The calculated ring roller travel

from zero to 100% preload is .1438in.
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The values of the X DIM for the input and output side clusters (given above) were then used
together with the results of the engagement diagrams to obtain curves of required shim
thickness vs. preload level. These are shown on figure 9 for the input side and output side
clusters. For 100% preload the following shims would be required:

Input side shim = .0738/.0838 in.

Output side shim = .0588/.0688 in.
For assembly without shims the preload levels are:

Input side =30 t0 37%

Output side = 45 to 50%

As a compromise to reduce the drive tare torque slightly, the drive was assembled with .060
in. shims on the input side and .045 in. shims on the output side. These shims produce a
preload level of approximately 88%. Plastic shim stock with thicknesses of .005, .010, and
.015in. was used in the assembly.

It is quite probable that tare torques would decrease as the drive is run in, but testing would

be required to verify that.
GROUNDED RING (MOMENTUM BALANCED) DRIVE (DC-400)

The conventional way to achieve dual counterrotating speed matched outputs from a single
input is to utilize a dual roller or roller-gear cluster arrangement [2]. One cluster has a non-
rotating cluster carrier or cage and rotating ring rollers, while the second cluster has non-
rotating ring rollers and a rotating cage. One output is taken from cluster 1 ring rollers, and
the second from cluster 2 cage. The two clusters are designed with ratios R and R+1 to

achieve equal and opposite output speeds.

The Grounded Ring Drive represents a novel approach to achieving dual counterrotating
outputs with a significant reduction in size and weight (approximately 40%) as compared to
the conventional dual cluster design. The finalized geometric arrangement for the Grounded
Ring Drive is shown in figure 10. Outputs are taken from the rotating ring rollers and from
the rotating cage.The grounded ring is non-rotating and absorbs reaction torques which
depend in magnitude on the two output torques. Kinematic operation of the drive,
development of roller and gear geometries, key stress and deflection calculations, assembly
procedure, and inspection results at assembly will be discussed prior to discussion of test

results in a later section.
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Kinematics

A complete kinematic development is given in [3]. To review briefly (see figure 11):
Cluster ratio: R = (c/y1)(x1/a) 21
If the two output speeds are equal and opposite, i.e., w1 = - w2 Then

i1 = -op/(2R-1) (22)

wr 2 = wp/(2R-1) (23)
To achieve a non-rotating grounded ring it is necessary that

y2 = X2(c-x2)/(2c-x2) Then 24)

C2 = C-X2+Y2 (25)

a2 = C2-2y2 (26)

where ap, y2, and ¢; are the grounded sun, planet, and ring radii.

A torque balance on the drive requires that:

Tu+TL1-Tr2-+Tgr =0 (27)
When the drive is torque balanced:

TL1=(R-D/R)TL2 (28a)
and Tgr=0 (28b)
when TrL1 = ((R-1)/R)Ty2 itis shown in [3] that
Ty1 can be expressed as

TL1 =((R-1)/R)TL2 +/- TGrR (29
From equations (27) and (29)

Ty -(1- (R-1))R)T12=0 (30)
The input power to the drive is

Input power = Ty (31)

The output power from the drive is
Output power =Ty jwr 1 + TL2w[ 2 32)

The conclusion reached in [3] was that there would be phantom power loss when the output

torques are not in the ratio as given in equation (28a). A further examination of the torque
relationships as presented here shows that not to be the case. Neglecting friction losses, the

output power will always be equal to the input power, so there will be no loss in efficiency

due to phantom or recirculating power.

The DC-400 drive has a cluster ratio R=12.5 to achieve an input-output speed ratio (with
equal and opposite output speeds) of +/- 24. Regardless of the imbalance in output torques,

neglecting roller creep losses
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w2 =- w2 = wH/24 (33)
It should be noted that in the DC-400 drive the three shaft connections are kinematically
coupled so that none of the three can be constrained without constraining all three. This is in
contrast to the DC-700 and DC-500 drives, in both of which torque and motion transfer can
occur between any two shaft connections with the third shaft connection constrained or
locked. In the DC-400 drive torque and motion transfer between any two shaft connections

can only occur with the third connection free.

Cluster Geomet

Results of the computer program which sizes the rollers and establishes approximate cluster
geometry were presented in [3]. Table IX summarizes roller radii and, for the full output
torque conditions of 452Nm (4000inlbs.), normal forces, contact ellipse dimensions, Hertz
stresses and Hertz compressions for both the rotating (power transfer) and grounded ring
clusters. Hertz compressions are required to determine effective roller radii under load and

manufactured roller radii for desired preloading.

Stress and deflection analyses were done for the rotating cluster ring roller and the grounded
ring cluster sun and ring rollers. None of the other parts is subjected to stress levels that
require detailed stress analysis. As shown on Table IX, the rotating cluster ring roller
maximum bending stress under full torque conditions is .148GPa (21,400 psi). That stress
level precludes the use of a through hardened alloy, so a case carburized steel is used. For the
grounded ring cluster, both the sun and ring roller bending stresses are very nominal ( on the
order of .0295 GPa (4,270 psi) so that the material chosen could be either through hardened
or case carburized. Sun and ring roller bending deflections are small ( on the order of
.005mm [.0002in.]), but were still factored into the manufactured radii.

Drawings

The Grounded Ring (Momentum Balanced) Drive is defined by assembly drawing DC-400.
The assembly drawing includes a listing of commercial parts as well as a listing of all
fabricated parts. Individual parts are detailed on drawings DC-400-01 through DC-400-36.
The roller drawings include coordinate tables for NC machining and metrology. Each of the
part drawings provides complete material and processing information necessary for
manufacture. |
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Assembly

Assembly Procedure.- Prior to completion of parts fabrication, an Assembly Procedure was
worked out. During and after assembly it was modified to incorporate the changes that hands
on experience indicated would facilitate easier assembly. The revised Assembly Procedure is
given in APPENDIX E.

Assembly Notes.- Sun and planet rollers were gaged for the record and to ascertain
conformance with print dimensions. Gaging was done on an optical comparator. X-
coordinates were measured from a shoulder with an estimated accuracy of +/- .001in.. This
would make the accuracy of gage diameter measurement approximately +/- .0002in. At the
first preassembly inspection of rollers, almost all rollers were found to be grossly oversize.
Errors had been made in setting up the coordinates for finish grinding. We adjourned to have
the rollers reworked to size. Rework of the rollers consumed approximately two weeks. After
rework all rollers were acceptable except for the grounded ring. Measured roller dimensions
are shown on Table Xa. The 5.7296 in. diameter on the grounded ring was measured as
5.7305. That was considered usable but outside tolerance so the vendor agreed to make a
duplicate. Assembly of the drive was postponed until completion of the second grounded
ring. On the second grounded ring the 5.7296 in. diameter was measured as 5.7295 in.

Planet roller dimension were used to calculate the second planet-ring roller engagement
points in the rotating cluster. Roller dimensions were corrected for Hertzian deformations at
0, 25%, 50%, 75% and 100% preload levels. Figure 12 illustrates roller spacing at the
different levels of preload. The dimensions represent a+xi, y1+x2(with yj), z, and xa(with
c). Figures 13a through 13e are the second planet-ring roller engagement diagrams for the
initial setup, the initial engagement point, zero load, and the four levels of preload. From the
diagrams of figure 13, a curve of preload level as a function of ring roller travel is
constructed. This is shown in figure 14. The calculated ring roller travel from zero to 100%

preload is .109 in.

The arrangement of planet rollers in the rotating cluster is shown on figure 15. The value of
the X DIM across the ring rollers at zero preload (see assembly drawing DC-400) was
measured as .975 in. The nominal gap between the Load Ring (DC-400-20) and the Ring
Roller Carrier (DC-400-09) when assembled inside the Clamping Lugs (DC-400-5A-C) is
.904 in. The preload level without shims was therefore approximately 60% (figure 14 at .975-
.904=.071 in. ring roller travel). A shim of .038 in. was added to produce a preload level of
100%.
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For the grounded ring cluster, the value of the Y DIM across the idler sun rollers at zero
preload (see assembly drawing DC-400) was measured as .747 in. As shown on figure 16, the
nominal value is .7547 in. Figure 16 shows the initial engagement point and the final
engagement point at 100% preload. The idler sun rollers are 3° cones so the contact points
between them and the planet shafts remains at the 3° slope point on the 4.1 in. cross radius
p:anets. The idler sun rollers must approach each other a total of .7547-.6792 = .0755 in. for
100% preload. The nominal shim required is .679-(2*.250) = .179 in. For this assembly the
idler sun roller shim was ground to .171 in.

The parallelism of the axes of the second row planet shafts and the drive axis is felt to be an
important parameter in the DC-400 drive. The z dimension in the cluster setups was
calculated using averages of the measured roller dimensions for the rotating and grounded

ring clusters.The calculated values were:

For the rotating cluster 7= 2.393699 in.
For the grounded ring cluster 2 =2393475 in.
Az = .000224 in.

Within the accuracy of calculations, the axes should be parallel.

In assembling the cluster it was found that control of concentricity between the cluster carrier
axis and the roller cluster axis was critical. The inner output spindle must be fastened to the
cluster carrier before starting assembly of the roller cluster. When the ring rollers are in
place, the outer output spindle should be engaged with the ring roller carrier to insure that
concentricity between the roller cluster, cluster carrier and output spindies is not lost. The

assembly procedure was modified to incorporate these procedures.

Assembly was completed with the addition of 17 oz. of Santotrac 50 traction fluid.
Assembled weight was 58 1bs.

Post Assembly.- Breakaway torques were measured with deadweights applied to the input.
With both outputs free to rotate the tare torque was 8.65Nm (76.5 in-1bf). This torque is 24%
of the full torque rating of 36.17Nm (320in-Ibf). The magnitude of the tare torque illustrates
the disadvantage of full preloading- high friction losses at low output torques.

A check of drive kinematics was conducted by rotating the input 25 revolutions. This
resulted in a 370° rotation (1.028 revolutions) of the inner output, and a 372° rotation (1.033
revolutions) of the outer output. These reduction ratios are 24.3 and 24.2. The calculated
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cluster ratio is 12.5 or 24 with both outputs rotaiing equally and opposite, so the measured

ratios compare quite well with theory.

Post Failure Reassembly . Details of the failure which occurred shortly after the start of
tests are given under TEST RESULTS, GROUNDED RING (MOMENTUM
BALANCED) DRIVE (DC-400). A new set of Planet Rollers, 1ST Row (DC-400-26) was
made, the alternate Grounded Ring (DC-400-03) replaced the Grounded Ring used in the first
asembly because the latter had a slightly scored roller track, and several other parts were
refurbished for the new assembly. Measurements of the new set of Planet Rollers, 1ST Row
are given on Table Xb. The X DIM was measured as .995 in. A ring roller shim of .015 in.
would have been required for 100% preload, but in view of the very high tare torque obtained
in the first assembly, it was decided to assemble with 80% preload, which required no
shimming. For the grounded ring cluster, grounded ring loading was recalculated with the
new grounded ring and the .171 in. idler sun roller shim used in the first assembly. It was
found to be 830 1bf (3,694N) which is very close to the 100% preload design value of 844 I1bf
(3,756N). We then assembled with the .171 in. idler sun roller shim. The new values of the
z dimension which determine parallelism between the drive axis and the axes of the second

row planet roller shafts were:

For the rotating cluster with 80% preload z= 2.393691 1n.
For the grounded ring cluster z=2.39397S in.
Az= - 000284 in.

As for the first assembly, within the accuracy of calculations, the axes should be parallel.

As with the first assembly, breakaway torque was measured with deadweights applied to the
input. With both outputs free to rotate the tare torque was 1.36Nm (12 in-Ibf). This torque is
3.8% of the full torque rating of 36.17Nm (320in-Ibf), and is significantly lower than that
obtained in the first assembly. This indicates that there may have been several faults in the

first assembly.

A check of drive kinematics was conducted by rotating the input 24 revolutions. This
resulted in exactly 360° rotation (1 revolution) of both the inner and outer outputs (within
the accuracy of measurement). The drive seemed very smooth with little or no perceptible

cogging.
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TEST FACILITY

A test facility capable of applying and reacting torques, and of accurately measuring torques,
angular shaft positions, and rotational speeds was designed to evaluate the performance
characteristics of all three drives. The instrumentation incorporated in the test facility made
possible measurement of angular and torque ripple, viscous and Coulomb friction, and
forward and reverse power efficiency. The arrangement of components is shown quarter
scale on drawings DC-800 SK, sheet 1 for the differential drives and sheet 2 for the
momentum balanced drive. Fabricated parts for the test facility are defined by drawings DC-
800-01 through DC-800-29. These are listed, together with major commercial parts, on
drawing DC-800 SK sheet 1. Schematics of the component arrangements are shown in
figure 17a for the differential drives and in figure 17b for the momentum balanced drive.

Figure 18 shows photos of the test setups.

A notably challenging aspect of the test stand design was the need to drive concentric inputs
(or outputs). To do so, it was necessary to utilize a hollow drive shaft, torque transducer,
torque motor, and encoder for the outer shaft. Limited space for coaxial shafts made some

compromises in angular stiffness necessary.

Components used in the test stand included: three drive motors, three torque transducers, 3
precision encoders, a load transmission, a multiprocessor motor control and data acquisition

system, and a vanety of mechanical fixtures.

MOTORS

The most important components in the test stand were the drive motors used to power the
transmissions. The drive motors included two Compumotor KHX-740 ac servo motors and
one Uniq Mobility SR-180 brushless dc motor. For the DC-700 and DC-500 transmission
tests the Compumotor electronic drives were modified such that the motors could be operated
in three different modes: linear PD servo feedback, torque-controlled mode, or synchronous
mode. These motors were capable of providing the full 19 N-m (170 in-1bf) desired "input”
(high-speed) torque, but were limited in speed to approximately 135 rad/sec (1300 rpm).
These motors were capable of both supplying and absorbing power up to these torque and
speed limits. Because of the Compumotors' speed limitations, the maximum power these
motors could source or sink was limited to approximately 2.5kW. Thus, the DC-700 and DC-
500 transmission tests were primarily limited to roughly half the transmissions' rated speed
and power (except for limited cases in which both Compumotors acted as maximum power
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sinks).

The third drive motor, the Uniq Mobility SR-180, was required for its relatively rare quality
of offering a hollow armature. This design permitted driving the outer shaft of each of the
transmissions. The inner shaft of each transmission was driven via a shaft extension, which
passed through the center of the Uniq motor, as well as its associated torque sensor and
encoder. The Uniq motor was much more powerful than the Compumotors. It was capable
of no-load speeds up to 570 rad/sec (5450 rpm), intermittent low-speed torque up to 34 N-m
(300 in-1bf), and intermittent power up to 12kW (16hp). The associated controller was built
for full 4-quadrant operation, with regeneration to zero speed. The higher speed, torque and
power capabilities of the Uniq motor were exploited under conditions for which both
Compumotors were running at full speed and power. The Uniq motor was able to balance
double the speed of the two Compumotors and was able to balance the combined power of
the two Compumotors. Under this condition only, full rated speed and power of the DC-700
and DC-500 transmissions were tested.

A limitation of the Uniq motor was its inability to provide well-regulated power absorption
and its poor controllability at low speeds. This motor was capable of regenerating power
down to low speeds, as specified. However, the power absorption occurred in sharp
pulsations, making it unusable as a precision power sink for efficiency tests. As a result, the
Uniq motor was always used as a power source for all efficiency tests of the DC-700 and
DC-500 transmissions. For the DC-400 transmission, it was used primarily as a power source
for efficiency tests, though some limited testing was conducted with this motor acting as a
power sink. The consequence of this limitation for the DC-400 tests was that efficiency data
was taken primarily with the transmission acting as a speed increaser rather than the more

normal sped reducer mode.

It was also observed that the Uniq motor did not provide smooth torque production at speeds
below about 35 rad/sec (335rpm). Thus, efficiency tests did not include cases for which
transmission shaft H2 (outer input shaft of DC-700 and DC-500) ran at speeds less than 35
rad/sec. This restriction included zero speed, as the Uniq motor could not servo to a fixed

angle.

Yet another limitation of the Uniq motor was its inability to interface to computer controls.
Although the logic power supply of the Uniq driver was described as decoupled from the
motor drive power, the electronic controls were not compatible with computer outputs. This
problem could be solved using analog isolator modules, though this should not have been
necessary. Ultimately, the Uniq motor was controlled manually via the control pendant
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provided by the motor manufacturer. The Compumotors were controlled by the computer,

and final load adjustments were made manually with the Uniq motor.

Synchronous-mode control of the Compumotors was used almost exclusively in the tests of
the DC-700 and DC-500 transmissions. This control mode enabled precise speed regulation
of two of the three shafts of each transmission. The Uniq motor was used as a torque source.
In fact, the control interface available for the Uniq motor was a velocity command, which
would seem to be in conflict with velocity control of the two Compumotors. However, the
Uniq motor controller utilized a weak, proportional-only velocity-error feedback controller
internal to the power amplifier to regulate motor torque. As a result, the Uniq motor, under
load, would not achieve its commanded velocity. Rather, the velocity-controlled
Compumotors would constrain the speed of the Uniq motor. Velocity commands to the Uniq
motor higher than the shaft velocity imposed by the Compumotors resulted in a velocity error
in the Uniq controller, resulting in a proportional torque response. As a result, the Uniq
motor could be utilized as a torque source by varying its velocity command. The
Compumotors responded accordingly to react to the torque introduced by the Uniq motor, but
synchronous control of the Compumotors maintained a regulated speed. In this manner, it
was possible to establish various combinations of shaft speeds and torques, subject to the
restrictions noted on maximum speeds of the Compumotors and the requirement that the

Uniq motor act as a power source.

For the DC-400 tests the Compumotors were driven in two different modes. The
Compumotor driving the input shaft (shaft H) was driven in synchronous mode. Synchronous
mode control enabled precise regulation of input speeds. Since the low speed shafts (L1 and
L2) were dependent on the input speed, the motors on shafts L1 and L2 wcre controlled as

torque sources, not as speed sources.

For the DC-400 transmission tests, utilizing the Uniq motor as a torque source involved
depending on its relatively "soft" velocity servo stiffness. Since the velocity-controlled
Compumotor constrained the speed of the Uniq motor (within torque limits of the
Compumotor), the speed of shaft H was precisely regulated, and the speed of shaft L2
followed by kinematic constraint Velocity commands to the Uniq motor higher than the L2
shaft velocity resulted in a velocity error in the Uniq controller, inducing a proportional
torque response. In this manner, the Uniq motor could be utilized as a torque source by
varying its velocity command slightly above or below the regulated velocity of shaft L2.

The Compumotor on shaft L1 was also torque controlled. As the torque of shaft L2 (Uniq
motor torque) was adjusted, the torque on shaft L1 was adjusted as well, to keep the two
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output torques relatively close. Most desirable operation of the DC-400 drive occurs when the
outputtorques are kept comparable--within approximately 30% of each other.

By varying the velocity of shaft H, the torque load on shaft L1 and the torque load on shaft
L2, the space of valid loading conditions could be evaluated.

TEST STAND GEARING

For the DC-700 and DC-500 tests, the motors used were appropriately sized for direct drive
of the high-speed transmission shafts. However, to source or sink power at the low-speed
shaft(s), it was necessary to reduce the speed and increase the torque of the motors. Two

additional transmissions were used for this.

For the single low-speed shaft L of transmissions DC-700 and DC-500, a Nastec model
NAS-300A transmission was used. This transmission had a ratio of 29.23:1, and exceeded
the torque, speed and power ratings of the DC-series transmissions under test.The 29.23:1
ratio was a good match for the 29.23:1 and 24:1 ratios of transmissions under test. In all
cases, the NAS-300A transmission was driven by a Compumotor at its high-speed shaft, and
the low-speed shaft was connected in series with a 2804T (4-3) Himmelstein reactionless
torque meter (Figure 17). Both input and output shafts of the NAS-300A were coupled via
Thomas flexible couplings. Due to its high linearity, low friction and good efficiency as
both a speed reducer and speed increaser, the NAS-300A transmission was well suited for

performing as a component within both a power source and a power sink.

For the DC-400 transmission tests the Compumotor used for shaft H was under-sized for
direct drive of this high-speed shaft. Neither the maximum speed nor the maximum torque of
the Compumotor could attain the rated limits of the DC-400 input shaft. However, the speed
and torque limits of the Compumotor were reasonably balanced with respect to the DC-400
constraints, and thus direct drive of shaft H was preferable to the addition of an input

transmission.

Shafts L1(inner output) and L2(outer output) of DC-400, on the other hand, called for torque
loading far in excess of that which could be supplied by the motors, albeit at a much lower
speed. To match the electromechanical drives to the task, load transmissions were required.

For shaft L1 of DC-400, a Nastec model NAS-300A transmission was used. This
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transmission exceeded the torque, speed and power ratings of the DC-400 transmission
under test. The 29.23:1 ratio was a reasonable match for the (nominal) 24:1 ratio of the DC-
400. The NAS-300A transmission was driven by a Compumotor at its high-speed shaft, and
the low-speed shaft was connected in series with a 2804T (4-3) Himmelstein reactionless
torque meter. Both input and output shafts of the NAS-300A were coupled via Thomas
flexible couplings. The NAS-300A transmission was well suited for performing as a

component within both a power source and a power sink.

For shaft L2 of DC-400, a second speed reducer was needed. A constraint on this
transmission was that it had to permit torque measurements of the outer output shaft (shaft
L2) while providing a through hole for passage of the inner output shaft (shaft L.1) extension .
A harmonic drive, Harmonic Drive model HDC-8M with a 60:1 ratio was used for this. The
ratio of 60:1 was not as well matched as the 29.23:1 NAS-300A transmission, but the higher
speed range of the Uniq motor, with which the harmonic drive was used, made the harmonic

drive a viable candidate.

In practice, the harmonic drive presented a more severe limitation than expected. When the
harmonic drive's wave generator was driven in excess of approximately 3,000 rpm, the wave
generator was not stable. At these speeds, the wave generator would "walk" axially along the
concentric shaft L1, and would bind against components it contacted. Consequently,
measurements were restricted to input speeds between plus and minus 105 rad/sec
(approximately 1,000 rpm), corresponding to approximately 262 rad/sec (2,500 rpm) of shaft
L2. This speed restriction further limited the range of data (both speed and power) that could

be measured.

TORQUE SENSORS

Torque measurements were performed using Himmelstein torque meters. Each torque meter
had been calibrated at the factory, and is nominally rated for 0.1% linearity and hysteresis.
Compatible Himmelstein torque-meter signal conditioners (model 6-201) were used.

For each transmission, two reactionless rotating torque meters and one reaction-type torque
meter were used. Reactionless torque meter Himmelstein model 2402T (35-1), with a full-
scale range of 40N-m (350 in-1bf), was used in each case to measure a high-speed shaft
torque of transmissions DC-700 and DC-500. The range of this torque meter was
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approximately twice the rated input torque of each of the transmissions. This meter was
connected in series with a Compumotor and shaft H1 using Thomas flexible couplings.
Torques could be measured with this meter while the shaft was rotating, and the meter
introduced no perceptible additional torque loading. However, this type of meter uses a solid
shaft, which does not accommodate concentric differential shafts. Thus, torques from shaft
H2 of DC-700 and DC-500 could not be measured with this type of meter.

Low-speed shaft torques (shaft L of DC-700 and DC-500) were measured using Himmelstein
reactionless torque meter model 2804T (4-3). This meter had a full-scale output of 450 N-m
(4,000 in-1bf). This capacity matched the output rating of the transmissions, and was thus
optimally ranged for highest precision. The meter was connected in series between the low-
speed, high-torque shaft L, and a torque load (a geared-down Compumotor) using Thomas
flexible couplings.

The third torque, in each case, applied to the outer input shaft of the dual, concentric shafts of
DC-700 and DC-500, was measured using a reaction-type torque meter. For these
transmissions, torque was provided to shaft H2 from direct drive of the Uniq motor. The
applied torque was measured using Himmelstein reaction torque meter model 2030 (6-2),
with a range of 68 N-m (600 in-1bf). The range of this meter was not optimal for the
application, since the span was 350% of the torque range to be applied. This meter did,
however, provide the required through-hole dimensions. In addition, it could adequately
support the cantilever moment produced by the 21 Kg (471bm) Uniq motor. The reaction
torque meter was bolted on one side to the case of the DC-700 or DC-500 transmission, and
the other flange was bolted to the stator of the Uniq motor. The Uniq motor was not
supported by any other means. Thus, rotor torques {rom the Uniq motor reacted equal and
opposite on the stator, which was supported solcly by the reaction torque meter. By this
arrangment, torques applied to shaft H2 could be measured accurately with a non-rotating
torque transducer, and this construction allowed for unimpeded passage of a shaft extension
from shaft H1.As stated the range of the model 2030 (6-2) meter was suboptimal, being
350% higher than the desired measurement span. Consequently, there was some compromise
of precision in measuring the torques of interest in the DC-700 and DC-500 tests.

For the DC-400 tests, a reactionless torque meter Himmelstein model 2402T (35-1), with a
full-scale range of 40N-m (350 in-1bf), was used to measure high-speed shaft torque (H).
The range of this torque meter was well matched to the rated input torque of the DC-400,
although the Compumotor drive was not capable of producing torques to this torque level.
This reactionless torque meter was connected in series between a Compumotor and shaft H

using Thomas flexible couplings.
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Low-speed shaft torques (shafts L1 and L2 of DC-400) were measured using one reactionless
torque meter and one reaction-type torque meter. Himmelstein reactionless torque meter
model 2804T (4-3), with a full-scale output of 450 N-m (4,000 in-lb), was well matched to
the torque range of the output shafts, but, due to this meter's solid shaft, its use was restricted
to shaft L1. This meter was installed between shaft L1 of DC-400 and the high-torque/low-
speed shaft of the NAS-300A load transmission using Thomas flexible couplings with
keyways.

The third torque of DC-400, that of shaft L2, was measured using a reaction-type torque
meter. A Himmelstein model 2060 (1-4) reaction-type torque meter, with a range of 1,130
N-m (10,000 in-1bf), was bolted on one side to the case of the DC-400 transmission. The
drive package for shaft L2 (consisting of the harmonic-drive transmission coupled to the
Uniq motor) was bolted to the other flange of the torque meter. No other supporting structure
was provided for the motor/harmonic drive. Thus, all torques from shaft L2 reacted through
the reaction torque meter to the case of the transmission. Although there were frictional
losses in both the motor and speed reducer, these losses acted only as internal moments. The
net torque acting on shaft L2 was accurately sensed via its reaction torque with respect to the
transmission case, independent of internal losses in the electromechanical drive package.

The range of the model 2060 (1-4) meter was suboptimal, being 250% higher than the DC-
400 transmission's rated maximum torque output. (The torque range oversizing was worse
still with respect to the torques which could be achieved in the tests). Consequently, there
was some compromise of precision in measuring the torques of interest in the DC-400 tests.
Use of this torquemeter was nonetheless necessary, due to the large cantilever loads it was
required to support as well as the relatively large axial through-hole required.

ANGULAR POSITION SENSORS

For measuring transmission ratio linearity, high-precision encoders were used. For the inner
input shaft and output shaft of DC-700 and DC-500 (shafts H1 and L), identical encoders,
BEI series 143, were used. These solid-shaft encoders provided 360,000 counts per
revolution, offering a resolution of 6.28 mrad (0.001 deg). For the third shaft (H2) of the
DC-700 and DC-500 transmissions, an angular sensor with a through hole was required. A
similar BEI encoder, model SVL677, also with 360,000 counts per revolution, was acquired
for this purpose. This encoder provided a hollow shaft with a 2-inch bore.
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A design modification from the original plan was required to use the hollow-shaft BEI
encoder. The mount between this encoder and the Uniq motor did not originally incorporate a
flexible coupling. Since the Uniq motor was cantilevered {rom a reaction-type torque meter,
its mount had significant flexibility. The resulting misalignment with respect to the rigid
coupling of the encoder made the encoder unusable. A coupling modification was made, in
which the outer spline to shaft H2 (part numbers DC-800-10 and DC-800-18 for the DC-700
and DC-500 drives, respectively) was mated to a modified Thomas flexible coupling. The
other side of this coupling was modified to fit the interface flange (part number DC-800-23)
of the BEI encoder. A consequence of this modification was that the Uniq motor had to be
removed to install the hollow-shaft BEI encoder. However, this was not a limitation for the

linearity or cogging tests, since under these tests, the input shaft was rotated manually.

In the DC-400 tests, for shafts H and L1, BEI encoders, series 143, were used. For shaft 1.2,
the BEI encoder, model SVL677, also with 360,000 counts per revolution, was used. This
encoder provided a hollow shaft with a 2-inch bore.

The high-precision encoders were used only in low-speed, manually-driven torque-ripple and
angular linearity tests. For all motor-driven tests, only velocities (not high-precision angles)
were needed. For friction and efficiency tests, velocities were known from the drive
frequency in synchronous mode, and these velocities were verified using lower-resolution,

higher-speed encoders on the Compumotors.

For linearity tests, the load transmissions were removed, and the encoders were coupled
directly to shafts . This enabled precision angular measurements unaffected by imperfections

of the load transmissions.

MECHANICAL COUPLINGS

Most mechanical couplings for rotating parts used Thomas flexible couplings. These
couplings accommodate minor shaft misalignments, both translational and rotational, yet are
stiff and backlash free in torsion. In most instances, the Thomas couplings were coupled to
shafts using Fenner-Manheim "Trantorque" friction/expansion couplings. Couplings made
with the Trantorques were stiff and backlash free.
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A number of problems arose with the original coupling designs. These necessitated ad-hoc
design changes. First the coupling between the high-speed shaft of the NAS-300A load
transmission and its Compumotor drive was via rigid shaft adapter (part DC-800-21). This
rigid coupling was found to be inadequate, and prospectively damaging to the motor and/or
transmission. An additional motor mount was fabricated to enable retrofitting a flexible

coupling at this interface.

The interface between the BEI encoder model 5VL677 (with hollow shaft) and the Uniq
motor did not include a flexible coupling. This interface was designed to use mating keyed
flanges. As noted above, this method of coupling was not adequate to allow the BEI encoder
to rotate with the Uniq motor without significant binding. Flexing of the Himmelstein
reaction-type torque meters due to applied motor torques caused sufficient deflection to make
this coupling ineffective. Due to constraints from the length of the internal shafts (part
numbers DC-800-17, DC-800-19 and DC-800-22), it was not possible to increase the axial
distance between the Uniq motor and the BEI encoder. It was, however, possible to install
the BEI encoder with a retrofit flexible coupling directly to the input splines (parts DC-800-
10 and DC-800-18), but with the Uniq motor removed. This arrangement was used for

cogging and linearity tests.

Several other couplings were more problematic. All three couplings to the DC-700 and DC-
500 shafts and two of three couplings to the DC-400 shafts were via splines. These couplings
could accommodate some shaft misalignment, but could not be guaranteed backlash free.

Backlash in these couplings would affect measurements of angular linearity.

The Himmelstein model 2804T torque meter was coupled to the low-speed shaft (L) of DC-
700 and DC-500, and to the low-speed shaft of the NAS-300A load transmission via Thomas
flexible couplings. The couplings were not secured to the shafts via Trantorques, however,
but via shaft keys because of diameter constraints. The shaft keys, although professionally
machined with care to match each keyway, resulted in observable backlash.

The shaft keys on the 2804T torque sensor presented an additional problem in the DC-400
tests. While the keys constrained rotational motion between the output shaft L1 and the
torque-meter shaft, this coupling did not prevent axial motion between the two shafts. The
torque meter was secured to the fixture rail, preventing axial motion of its shaft, but the L1
shaft extension was not constrained axially. This shaft extension mated with the DC-400
transmission via a spline (which permitted axial translation), and connected to the 2804T

torque meter (via a flexible coupling) secured with a key, which also permitted axial motion.
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The axial freedom of the L1 shaft extension of DC-400 became a problem, since this shaft
was responsible for constraining axial motion of the flex spline of the harmonic drive (via
thrust washers on the L1 shaft extension). The flex spline produced unexpectedly large axial
forces on the thrust washers of the L1 shaft extension. Consequently, the shaft extension
would translate axially until the flex spline came in contact with the Uniq motor housing (on
one side) or produced excessive frictional torques on the inner shaft (via the thrust washer on
the other side). This design flaw in the test stand made data collection difficult. Data could
be acquired for relatively short durations, until the L1 shaft extension displaced too far
axially and had to be re-adjusted. When the flex spline displaced away from the DC-400
transmission, such displacement could be noted visually and the test would be halted. When
the flex spline displaced towards the DC-400, however, significant frictional torques between
L2 and L1 could develop, and this condition was not visually obvious. Under conditions of
such internal binding, the losses are indistinguishable from efficiency losses internal to the
DC-400.

Finally, the mechanical coupling securing the wave generator of the harmonic drive also
proved to be inadequate. The wave generator was driven by the Uniq motor via a spline. As
with the L1 shaft extender, however, no axial constraint was provided. Consequently, the
wave generator was capable of translating axially under operation. This unconstrained
motion was particularly problematic at higher speeds, limiting the top speed at which the DC-
400 could be tested.

For the angular linearity measurements, the 2804T torque meter and its keyed shaft couplings
were removed, so as not to influence the measurements. However, the shaft connection to
the output (e.g., part DC-800-20, output shaft for the DC-700 and DC-500 drives) had a
mating spline on one end, and a keyway on the other. Backlash associated with the key of
this required part was problematic for angular linearity measurements.

For linearity and torque-ripple tests of DC-700 and DC-500, one shaft at a time was fixed
stationary, one shaft was rotated, and the input torque of the driven shaft and angles of the
driven and free shafts were measured. To secure one shaft at a time, the chosen shaft was
coupled via a Trantorque to a stiff fixture bolted to the rail.

For the DC-400 tests it was not permissible to fix or constrain any of the three shafts. To
minimize the influence of system backlash on linearity measurements, one shaft at a time was
rotated slowly and smoothly (manually) without direction reversals within a given test. By
rotating in a constant direction, and by avoiding inertial effects, any backlash in the system
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should have approached and remained in contact with its limit. Thus, backlash effects would

be removed from the linearity tests.

In retrospect, the test-stand design should have: 1) eliminated all keyway couplings in favor
of backlash-free couplings such as Trantorques ( spatial constraints did not permit those to be
used); 2) provided axial thrust bearings for the flexible spline of the harmonic drive; 3)
provided thrust bearings restraining axial motion of the harmonic drive's wave generator.
All other design features of the test stand were found to be successful.

Each component of the system was mounted to a common rail (a 2-piece, 10' aluminum I-
beam, bolted to a concrete floor) using custom mounting fixtures ( drawing DC-800, sheets 1
and 2, and figure 17). The fixtures located all shaft centers nominally 19.05 cm (7.5") above
the rail.

EXPERIMENTAL PRECISION

Angular Position Measurements.

The resolution of the encoders was plus or minus 6.28 mrad (0.001 deg). Transmission ratios
were measured incrementally, reported in terms of change of input angle divided by change
in output angle, fixing one shaft at a time. Measurements were recorded every 1 degree of
output rotation. For high-speed to low-speed shat measurements, error associated with the
encoder resolution can be calculated. For a nominal transmission ratio of 24:1, plus or minus
one increment of the output and input encoders would result in apparent ratios of 24.025:1
and 23.975:1, or 0.1% error.  For a nominal ratio of 1:1 (e.g., the ratio between dual inputs
or dual outputs), the error associated with encoder resolution is 0.2%, based on 1-degree

angular changes.

A potentially more significant error was due to backlash in the spline couplings to the
transmission, (e.g., part DC-800-20) and (more prominently) their associated keys/keyways.
To attempt to remove this effect from the measurements, rotations were induced
continuously in first the positive direction for one full output revolution, then in the negative
direction for a full revolution. This approach should minimize the effects of backlash in the
external couplings, but would also disguise any backlash internal to the transmission. Under
the circumstances, backlash of the transmission could not be measured reliably, but linearity

of transmission ratios should be trustworthy to within approximately 0.2%.
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Torque Measurements

The torque meters were calibrated by Himmelstein, and claimed traceable to NIST standards.
The stated precision (linearity and hysteresis) is 0.2% (0.1% each) of full scale. Voltages
were sampled using a 12-bit, ADC, with a span of -5V to +5V, resulting in a conversion

accuracy (plus or minus one bit) of 0.05%.

The Himmelstein models 2402T (35-1) and 2030 (6-1), with 350 in-1bf and 600 in-1bf ranges,
respectively, were coupled in series, torques were applied, and the readings were recorded
from each. At 300 in-1bf load, the two meters agreed within 0.8 in-1bf. This variance falls
within the claimed tolerance of 0.1% full scale, allowing for 0.6 in-Ibf error from the 2030
meter and 0.35 in-1bf error from the 2402T meter. At lower torques, however, the
discrepancy between the two meters was as high as 2.2 in-Ibf (worst case, at 221 in-I1bf
applied torque). Such a discrepancy would translate into an efficiency error of plus or minus
1%. The discrepancy at 170 in-Ibf, the rated input torque, was 2.0 in-1bf, which would
produce a 1.2% error in computed efficiencies.

The high-torque meter (2804T at 4,000 in-Ibf range) could not be compared directly to the
lower torque meters, as their ranges were so disparate. However, this meter is a scaled up
design of the 2402T, is made by the same manufacturer, is claimed to have the same relative
precision, and was used used with the same si gnal conditioning electronics. This high-torque
meter was well scaled to its application. The two low-torque meters, 2402T and 2030, were
oversized by 200% and 350%, respectively, whereas the high-torque meter (2804T) was
scaled to the correct 100% full range. We may thus reasonably estimate that the output meter
would introduce errors comparable to (or lower than) those observed with the relative
readings of the low-torque meters. With three meters in operation, efficiency measurements

should be within plus or minus 2.5%, as a conservative worst case.

In measuring the output torques of the DC-400 transmission, similar, but larger torque meters
were used. Himmelstein model 2060 (1-4) reaction-type torque meter, with a range of 1,130
N-m (10,000 in-Ibf) was used to measure the outer-ring (L2) torque. Himmelstein
reactionless torque meter model 2804T (4-3) with a full-scale output of 450 N-m (4,000 in-
Ib) was used to measure the inner output torque (L1). These two meters were not compared
directly in series, but since they had the same manufacturer, same construction type and
roughly the same ratio of torque ranges as the lower-range meter pair, comparable precision

limits may be expected.
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Calibrating the high-torque meters (2060 at 10,000 in-1bf range, and 2804T at 4,000 in-lbf
range) with respect to the input torque meter (2402T, 350in-1bf) was impractical, due to the
disparity in ranges. The manufacturer's calibration numbers had to be trusted. Given that all
meters used were fabricated and calibrated by the same manufacturer, that the mcters were
quoted to have the same relative precision, and that all meters were used with identical
signal-processing electronics, the relative errors in calibration among the meters may be
presumed to be within the quoted tolerances, as confirmed by tests on the lower-range
meters. With three meters in operation, efficiency measurements should be within plus or

minus 2.5%, as a conservative worst case.

Another source of error in the torque measurements was electrical noise. Although the signal
conditioning electronics incorporated modulation noise-suppresion techniques, the
substantial electromagnetic interference produced by the switching amplifiers of the three
motors did produce a noticeable bias of noise on the torque signals. With the motors on, a
bias of 57mV was observed, which corresponds to just over 1% full scale. Powering the
signal conditioners from an isolated line-power supply seemed to improve, but not eliminate
the problem. Subsequently, the noise-induced bias torque was accounted for by assuming
symmetry of the transmission behavior at positive and negative velocities. Asymmetries,
assumed induced by torque-sensor noise, were removed mathematically in post-processing
the data.

Finally, another source of error peculiar to the 2804T meter is possible sensor saturation.
The torque meters are safe to operate up to twice their rated output. However, the analog-to-
digital converter used saturated at SV input, corresponding to the full-scale rating of each
meter. Since the 2804T meter was rated for 4,000 in-1bf, matching the output rating of the
transmissions, tests which slightly exceeded this torque would be incorrectly recorded as
equalling this torque. Data with output torques very close to 4,000 in-1bf may, therefore, not
be reliable.

Yelocity Measurements

Velocities were regulated by driving the Compumotors in synchronous mode. This produced
the equivalent of electronic gearing, for which the number of mechanical revolutions per
electrical revolution is a fixed integer. As a result, as long as the motors maintained
synchronism, the speed was (on the average) precisely the same as the drive frequency. Loss

of synchronism was obvious, as the motors would stall.
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In the DC-700 and DC-500 tests two of the three motors were driven in synchronous mode.
The velocity of the third (the Uniq motor) could be precisely inferred from the known
(measured) transmission ratio. For efficiency computations, error associated with velocity

measurements was insignificant relative to other sources of error.

In the DC-400 tests only the input motor (shaft H) was driven in synchronous mode. The
velocity of the output shafts could be inferred from the known (measured) transmission ratio.
The velocity of shaft L1 was measured nonetheless via an encoder on the Compumotor
driving the load transmission NAS-300A. Since this load transmission had a precise gear
ratio fixed by gear teeth, the speed of shaft L1 (coupled to the low-speed output of the NAS-
300A transmission) could be accurately deduced. Measurements showed that the
transmission ratio of the DC-400 was not constant. Under varying load, the speed ratio from
shaft H to shaft L1 changed, due to roller creep. The speed of shaft L1 changed by
approximately 2% as the torque increased from zero to 2,000 in-Ibf. It is presumed that shaft
L2 experienced comparable speed changes under load, though this could not be measured

directly.

In the analyses of efficiency of DC-400, it is presumed that the speed of shaft L2 is equal to
the measured speed of shaft L1, since the torques on L1 and L2 were comparable. This
assumption should correct for the expected (but unmeasured) speed variations of shaft L2,
making error associated with velocity measurements insignificant relative to other sources of

error.
INFLUENCE OF RESONANCES

Mechanical resonances were observed during testing. For example, for the DC-700
transmission, one such resonance was near 35 rad/sec input speed, which corresponded to
one of the chosen velocity states. Resonances can produce fluctuating torques and velocities.
Since the data acquisition averaged torque and velocities measurements, it did not account for
possible phase differences between fluctuating signals (analogous to a power factor in
reactive electrical systems). Average velocity and torque measurements under resonant
conditions are correctly reported, but efficiency computations for data taken under resonant

conditions may not be reliable.

Resonances observed could not be attributed to the transmissions themselves. Compliances
of the flexible couplings, flexing of the aluminum rail, and magnetic cogging of the motors
all contribute to the system dynamics, making transmission effects impossible to isolate

under the test conditions.
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TEST RESULTS
DUAL INPUT DIFFERENTIAL ROLLER-GEAR DRIVE (DC-700)

The DC-700 transmission was integrated into the test stand as per drawing DC-800-SK,
subject to the coupling modifications noted earlier. Angular linearity, torque cogging,
Coulomb and viscous friction, and power transfer efficiency were measured. Test
procedures, data, and interpretation for the DC-700 drive are presented in this section.

Before presenting the data, a note on sign conventions is important. All rotations have been
defined as positive pointing out of the transmission. A positive rotation of H1 produces a
negative rotation of L, and a positive rotation of H2 produces a positive rotation of L. If H1
and H2 both rotate at the same speed in the same direction, then shaft L remains stationary.
The formula for relating the shaft velocities (previously presented as eq. (7) is:

oL, = wH2/Rar, - o1/RyL (34)

where w_is the angular velocity of shaft L, wy; is the angular velocity of shaft H1 and wy, is
the angular velocity of shaft H2. The ratios Ry and Ry, are the transmission ratios from
shaft H1 to L and from shaft H2 to L, respectively. As will be shown from the data, R;;. =
Rar. = 29.23 for the DC-700 transmission.

Ideally, torque production in the DC-700 drive could be computed as:
T = -Ror T2 + Ry Ty (35)

Since R); = Ry for the DC-700, the input torques would, ideally, always be equal and
opposite. Any torque imbalance between the H1 and H2 shafts would result in acceleration
of the transmission until the balance condition is met. Note, though, that while the input
torques should balance, there is no such constraint on the input velocities. The input torques
are more nearly balanced when the input shafts deliver nearly equal power.

The torque signs have been assigned such that positive torque and positive velocity at any
shaft implies power flow info the transmission at that shaft. The DC-700 was tested with
power flows both into and out of shafts Hl and L. Since the Unig motor was not a well-
controlled power sink, shaft H2 was always driven with power in.
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Angularity Linearity

On the average, a geared transmission has a precise, integer-fraction transmission ratio, as
dictated by tooth ratios. Within a revolution, however, there are small variations in the ratio
of incremental input angle to incremental output angle. Such variations give rise to velocity
ripple of the output for smooth rotation of the input. Velocity ripple acting on a load inertia
induces torque pulsations. Transmissions with identical reduction ratios can have quite
different dynamic behaviors within a system, depending on the linearity.

Linearity Test Procedure.- Linearity was measured with the high-precision BEI encoders
on shafts H1 and L, while shaft H2 was clamped still. The input shaft, H1, was rotated slowly
by hand while the computer continuously polled the encoder angles. For each 1.000-deg
increment of the output (shaft L), the input angle was sampled and the incremental ratio was
computed.

These tests were performed with constant positive or constant negative rotation of the driven
shaft, so as to minimize the effects of backlash in the keys of the couplings. As a result,
backlash in the transmission would have been disguised as well.

Ratio and linearity tests were repeated with: H1 driven, H2 fixed, L free; H1 driven, H2 free,
L fixed, and H1 fixed, H2 driven, L free. In each case, the input excitation was manual.

Data.- Figure 19 shows the data measured for one full revolution of the low-speed shaft, L,
with the inner hi gh-speed shaft, H1, driven and the outer high-speed shaft, H2, fixed. The
mean transmission ratio of 29.23:1 is superimposed on this plot for reference. The standard
deviation of the incremental transmission ratio was 0.10. The maximum incremental ratio
(with respect to 1-degree output changes) was 29.71, and the minumum was 28.49. The
minimum incremental ratio stood out si gnificantly from the mean, giving the appearance of a
mechanical error. The incremental ratio test was repeated 6 times, and on each trial there
was a single, narrow region (over 1 rev of shaft L) in which the incremental ratio deviated
significantly. A second data-set from these tests appears in figure 20. For all trials, the mean
ratio was 29.23:1 (to four si gnificant digits) and the standard deviation was 0.10.

Linearity tests were repeated with H1 driven, H2 free, L fixed, and with H1 fixed, H2 driven
and L free. As expected, the ratio from H2 to L was 29.23 (on the mean), and the ratio from
H1 to H2 was unity. The standard deviation of the ratio from H2 to L was somewhat lower
than the standard deviation of H1 to L.



Analysis.- The DC-700 transmission ratio of 29.23:1 matched precisely the ratio of the NAS-
300A load transmission. The notable deviations in the incremental transmission ratio may
indicate some mechanical damage or imperfection. The standard deviation of the incremental
ratio was 0.10. This may be considered a reasonable benchmark for comparing linearity
among transmissions. It should be noted that the true derivative (change in output angle with
respect to change in input angle) cannot be measured directly. Rather, the incremental
transmission ratio is a digital approximation of the true derivative. By choosing an output
A8 of 1 degree (1000 encoder counts), the resolution of the test was not better than 0.1%.
The measurement error due to encoder resolution alone would account for a standard
deviation of the incremental transmission ratio of 0.03. Incremental ratios computed every 1
degree of output resulted in relatively low spatial sampling rate, seeming to approach the
Nyquist sampling (spatial) frequency. A zoom on the first 50 datapoints of figure 20 is
shown in figure 21. Since successive datapoints are not very close together, the spatial
sampling rate is somewhat low, and the computed incremental rotation may be too coarsely
approximated by considering "large" output increments of 1 degree. A higher spatial
sampling rate, however, would It is concluded that the chosen sampling resolution was a
good compromise among competing sources of error. The linearity standard deviation of
0.10 is a reasonable representative figure of merit for linearity of this transmission.

Cogging

Angular nonlinearity, or, equivalently, a modulated transmission ratio, results in torque ripple
during operation. The influence of such torque disturbances depends on the speed of
operation and on the resonances and stiffness of the coupled sytem. Another source of torque
ripple is referred to as "cogging." When rotating the input shaft of a transmission by hand,
torque cogging is usually evident. Tooth-to-tooth gear interactions and variable binding due

to imperfect tolerances can be felt easily.

To measure cogging, the transmission shafts were rotated slowly through a torque transducer,

and resulting input torque vs angle was logged.

Cogging Test Procedures.- Accurate measurement of cogging requires a smooth input
driver. Further, such tests should be performed quasi-statically, to avoid af] fecting the data
with dynamic terms (e.g., due to angular nonlinearity). It is not, however, necessary that the
driver input enforce a steady velocity. Thus, a good choice of input driver is manual rotation.

To test inner high-speed shaft (shaft H1) cogging, shaft H1 was rotated slowly by hand, with
a torque sensor in series. Separate H1 cogging tests were performed with shaft H2 locked and
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with shaft L locked. In one set of experiments, the input torque was sampled every 1 degree
of rotation of shaft L. In additional tests, the input torque was sampled every 3.6 degrees of
input (H1) rotation. Cogging was measured for both positive and negative input rotations.
Shaft H2 cogging tests could only be performed with shaft H1 free and shaft L fixed. This
restriction was due to the fact that the shaft H2 torque meter was a reaction-type torque
meter. It was only capable of measuring reaction forces on the stator of the Uniq motor due
to torques generated electromagnetically on the rotor. In turning shaft H2 by hand, no torque
reaction was induced in the static torque meter. To measure shaft H2 torques, it was
necessary to install a reactionless type torque mcter in series, and rotate shaft H2 by hand
through the torque meter. Since the reactionless torque meters do not have hollow shafts,
however, it was not possible to prevent inner shaft H1 from rotating during tests. Thus, H2
cogging data could only be obtained with shaft L fixed and shaft H1 free.

Cogging tests for the low-speed shaft (shaft L) could not be performed in this way. Shaft L
exhibited significant "breakaway" torque. Upon slowly increasing the applied torque, shaft L
would remain stationary until reaching a breakaway threshold, at which point the shaft would
release suddenly. The rapid transients upon release resulted in transient torques which
precluded measuring quasi-static cogging. Therefore, the shaft-L cogging tests were replaced
with breakaway tests. In these tests, the history of torque vs time was recorded while applied

torques were slowly increased until breakaway.

In all tests, the low-pass filters of the torque meter signal amplifiers were set for 100-Hz
cutoff.

Data.- Figure 22 shows the cogging torque measured for shaft H1 with H2 fixed and L free.
Data is displayed for one full revolution of the output (29 input revolutions) in both the

positive and negative directions.

Figure 23 shows a higher-resolution cogging plot, sampled every 3.6 degrees of input rotation,

displayed for one revolution of the input.

Figure 24 shows the cogging torque of shaft H1 with shaft H2 free and shaft L fixed. The
data covers 30 spans of H1.

Figure 25 shows the cogging torque of shaft H2 with shaft H1 free and with shaft L fixed.

Figure 26 shows the time-history of applied torque to shaft L. The breakaway torque levels
are apparent. In this test, both H1 and H2 shafts were free.
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Analysis.- Shaft tests revealed torque cogging with a bias offset. The bias offset (torque
mean) is attributable to Coulomb friction, and the variation about bias (e.g., standard

deviation) is an indication of the cogging.

For H1 driven, H2 fixed and L free, the mean applied torque was 0.38 N-m, and the standard
deviation was 0.20 N-m (based on the higher-resolution sampled data). Fi gure 23 gave a
more trustworthy measure of cogging than figure 22. The coarser sampling rate of figure 22
gives a better overview of cogging dependence on output angle, but the coarser sampling rate
of this experiment may have resulted in undersampling, missing the peak input torques. The
mean applied torque for this dataset was only about 0.26 N-m, with a standard deviation of
only 0.12.

For H1 driven, H2 free, L fixed, the mean applied torque was 0.51 N-m, and the standard
deviation of torque was 0.19 N-m. Thus, lower friction was observed for L free vs H2 free,

but the magnitude of cogging was comparable for the two cases.

For H2 driven, H1 free, L fixed, the mean applied torque at shaft H2 was 0.50 N-m, and the
standard deviation was approximately 0.16. The case of H2 driven, H1 free is quite similar
to the case of H1 driven, H2 free.

The breakaway torque test of figure 26 shows a release torque of roughly 12 N-m, thou gh the
breakaway torque can vary significantly, depending on the shaft angles. The rapid drop in
torque seen in this figure indicates a rapid torque relief, which occurs upon breakaway of
shaft L.

Friction

Even at zero load, a transmission requires some input torque to drive a shaft. Such input
torque can be reasonably modelled by measuring the driving torque vs shaft speed, and
approximating the torque-speed curve by an offset (due to Coulomb friction) and a slope
(viscous friction).

At no load, the efficiency of any transmission is identically zero, since power is consumed by
the input, and 0% of that power is delivered to the output. While such an efficiency
computation is correct, it sheds little light on the performance of the unloaded transmission.

Much of the inefficiency of a transmission can be accounted for in terms of the no-load
torque required to drive an input. Tests, data and analysis for input friction are presented
below for the DC-700 transmission.
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Friction Test Procedures.- Friction tests were performed by driving one shaft at a time with
a second shaft free and the third shaft held fixed (thus six combinations of driven, free and
fixed shafts). The driving torque was measured for each case at selected drive speeds, both
positive and negative. At each speed, approximately 5,000 samples of the drive torque meter
were acquired over 5 seconds, sampled at 1kHz. The analog low-pass filter of the torque
sensor drive electronics in each case was set to 1Hz. The test speeds were stepped up
incrementally from near zero to maximum positive, then retraced to zero, then stepped to
maximum negative, the retraced back to zero. This sequence permitted inspection of whether
the data was reproducible, whether approach from higher or lower speeds had an influence,
and whether the data was affected over the course of the run, e.g. due to mechanical run-in or

temperature.

Data.- Figure 27 shows the friction data acquired for shaft H1 driven, H2 fixed and L free.
Individual data points are steady-state speeds at which input torques were measured. The line
Shaft H1 friction data is similarly displayed for the case of shaft H2 free and shaft L fixed,
shown in figure 28.

Shaft H2 friction data is given in figure 29 for fixed shaft H1 fixed and shaft L free, and in
figure 30 for shaft H1 free and shaft L fixed.

Shaft L friction, for which the low-speed shaft is driven and for which the transmission
behaves as a speed increaser, is shown in f; igures 31 and 32. Figure 31 is the case of shaft
H1 free and shaft H2 fixed, and figure 32 is the case of shaft H1 fixed and shaft H2 free.

Analysis.- Shaft H1 friction is relatively flat vs speed. That is, the Coulomb friction
component is strong, and the viscous component is negligible. Shaft H1 friction ranges from
0.2 to 0.4 N-m, being higher with shaft L fixed than with shaft H2 fixed. The friction does
not appear entirely symmetric, but the asymmetry is only approximately 0.1 % of full scale of
the torque meter, which is too small to be measured reliably by the meter.

For shaft L free, the power consumed by friction to drive shaft 1 is roughly 35 W at the
maximum measured speed of 140 rad/sec. With shaft L locked, the frictional power loss grew
to roughly 55 W. This power loss can be expected to scale linearly with speed, since the
friction torque is nearly flat.

The friction data for shaft H2 was similar. For power input to shaft H2, power output from
shaft L, and shaft HI fixed, the power loss was comparable to shaft H1 driving shaft L
(roughly 30 to 35W at max measured speed). Back-driving shaft H1 via shaft H2, however,
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corresponded to a power loss of about 90 to 100 W at maximum measured speed, which was
less efficient than back-driving shaft H2 via shaft H1.

The "reverse" friction (torque required to drive the low-speed shaft), was approximately 5 N-
m for shaft H1 free, and roughly twice as high to back-drive shaft H2. The frictional power
loss to back-drive the transmission was 25W to back-drive shaft H1, and SOW to backdrive
shaft H2 (at the max tested speed). This power loss would scale linearly with speed, since

the friction is roughly constant vs speed.
Efficiency

Efficiency tests were performed on the DC-700 transmission, involving extensive data
collection. Torques and speeds at each of the three shafts were measured and averaged for
288 conditions of steady-state speeds and torques. The data included positive and negative
rotations of all shafts, power flows both in out of shafts Hl and L, and input and output

torques spanning the rated range. The chief limitation of these tests was the speed constraint
on the Compumotors. The maximum power condition that could be tested was wy; =

140rad/sec, wys = 280rad/sec, and w = 4.78rad/sec at full rated torque, resulting in a power
throughput of 4.6kW.

Due to limitations of the Uniq motor, shaft H2 could not tested as a power sink. In addition,
since the Uniq motor was not position servo controlled, tests could not be performed with
zero power transfer at shaft H2. All efficiency tests involved power sourced at shaft H2.

Efficiencies were computed on the basis of (power-out)/(power-in). Motor power from the
Uniq motor thus always appeared in the denominator. However, either motor power from
shaft H1 or from shaft H2 (but not both) could also appear in the denominator, if either of
these shafts also sourced power to the transmission. In each computation of efficiency, the
sign of the power flow at each shaft was considered to determine the correct contribution of

power at that shaft to efficiency.

Efficiency Test Procedures.- Data was acquired at 9 steady-state velocities of shaft L: 4.79
rad/sec (140/R), 3.59 rad/sec (105/R), 2.40 rad/sec (70/R), 1.2 rad/sec (35/R), O rad/sec, -1.2
rad/sec (-35/R), -2.4 rad/sec (-70/R), -3.59 rad/sec (-105/R) and -4.79 rad/sec (-140/R). At
each of these output speeds, 8 steady-state speeds of H1 were tested. The tested speeds of H1
were all but one of: 140, 70, 35, 0, -35, -70, -105 and -140 rad/sec. The one speed not tested
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in each case was the combination of wy; and w; which resulted in zero speed wyy. Zero
speed could be tested for wy; and wy, since the drive motors for these shafts could hold a

constant position; only the Uniq motor on shaft H2 could not hold zero veloci ty.

Ateach of the above 72 combinations of speeds wy and wy, torque and speed measurements

were taken at 4 torque levels. To accomplish this, the drive motors for shafts H1 and L were
controlled in synchronous mode, enforcing a precise velocity for these shafts (the velocity of
shaft H2 followed by kinematic constraint). The speed control for the Uniq motor was then
adjusted to vary the load torque at all three shafts. Although the speed of the Uniq motor did
not change with this adjustment, the motor torque did change in response to varying the
speed command. Torque loading was adjusted in this manner for each speed combination;

for each, 4 torque conditions were tested, spanning the rated torque range.

At each condition of speeds and torques (288 combinations), torques and speeds were
sampled at 500Hz for 4 seconds. For these tests, the torque-meter si gnal-conditioning amps
were set for a low-pass filter of 1-Hz. For combination of speeds and torques, the resulting
2000 samples were averaged to constitute a single data point. Efficiencies were computed for

and plotted for each such point.

Data.- Figure 33 shows the results for the condition of stationary shaft L. For each datapoint
on this plot, the Uniq motor sourced power to shaft H2, and a Compumotor on shaft H1
absorbed the power out of the transmission. Since shaft L was stationary, there was no
power transfer at his port. Thus, the efficiencies were computed as the ratio of power
absorbed at shaft H1 to the power sourced at shaft H2.

All plots in this section follow the same convention. Efficiencies are plotted vs the output
(shaft L) torque. Individual datapoints are marked, and datapoints acquired at the same speed
conditions (with varying torque loading) are connected with solid or dashed lines.

Solid lines with point markers "o", "x", "+" and "*" indicate conditions of wyp = +35, +70,
po

+105 and +140 rad/sec, respectively. Dashed lines with point markers "o", "x", "+" and "*"
indicate conditions of wy; = -35, -70, -105 and -140 rad/sec, respectively. The single dot-
dash line on each plot (excluding the w;_ = 0 plot ) is for the condition of wyy; = O.

Efficiencies for output speeds ranging from 4.79 rad/sec to -4.79 rad/sec are given in figures
34 thru 41.

Analysis.- Measured efficiencies ranged approximately from 75% to 95%.
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Power flow directions can be read from the plots as follows. For all plots, power flow is info
shaft H2. For all conditions of positive w;, a positive output (shaft L) torque implies power
into shaft L, and a negative shaft L torque implies power out of shaft L. For example,
figure 37 includes negative output torques exclusively and the output speed for all points on
this graph is +4.79 rad/sec. Thus, all points on this graph correspond to power out of shaft
L.

In figure 34, the output speed is positive (1.2 rad/sec). The five lines on the left half of the
plot (negative shaft-L torques) correspond to power out of shaft L, whereas the three lines
on the right half of the plot (positive shaft-L torques) correspond to conditions of power info
shaft L.

The same logic applies to negative shaft-L velocities, for which positive shaft-L torques
imply power out, and negative shaft-L torques imply power in. Figure 41 includes only data
for which power is our of shaft L. All data points are at conditions of positive output
torque and negative output velocity w; = -4.79 rad/sec.

For figures 34 through 37, all lines on the left (negative shaft-L torques) correspond to power
out of shaft L, and all lines on the right correspond to power info shaft L. For figures 38
through 41 (negative shaft-L. velocities), lines to the left (negative shaft-L. torques)
correspond to power into shaft L, and lines to the right (positive shaft-L torques)

correspond to power out of shaft L.

The power flow direction for shaft H1 can be inferred from the graphs as well. All solid lines
correspond to positive velocities of shaft H1, and all dashed lines correspond to negative
shaft-H1 velocities. Due to the torque balance relationship, all positive shaft-L torques also
correspond to positive shaft-H1 torques. Thus, dashed lines on the left side of the efficiency
plots correspond to negative H1 velocities at negative H1 torques, implying power into shaft
H1. Similarly, solid lines on the right half of the plots imply positive H1 velocities at
positive H1 torques, again implying power into shaft H1. Conversely, dashed lines on the
right and solid lines on the left correspond to conditions of power out of shaft H1.

The lowest efficiencies were measured at the lowest torques. At these levels, the losses due
to Coulomb friction constitute the greatest percentage of power transfer, resulting in the
lowest efficiencies. In fact, if two of the three shafts are unloaded, then the power consumed
to drive one shaft will be lost totally due to friction, resulting in zero efficiency. Zero
efficiency at low power levels is consistent with the formal definition of efficiency.

However, efficiency measurements near zero power are not very enlightening, as all
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transmissions drop to zero efficiency at sufficiently low powers. For low speeds and torques,

the friction data presented above is more useful.

The highest efficiencies measured were obtained with power input to shafts H1 and H2, and
power output from shaft L (e.g., acting as a typical speed reducer). This is consistent with
the friction measurements, in which shaft H2 was shown to have higher friction than shaft
H1. Thus, any power delivered to shaft H1 should be transferred more efficiently to shaft L
than via shaft H2.

DUAL INPUT DIFFERENTIAL ROLLER DRIVE (DC-500)

The DC-500 and DC-700 transmissions are similar in that two input shafts drive a single,
speed-reduced output shaft differentially. Installation of the DC-500 drive in the test stand
was nearly identical to that of the DC-700.

There were some notable differences from the DC-700 transmission, however. The foremost
difference was that the DC-500 transmission utilized a much higher preload on its traction
drive, whereas the DC-700 used a light traction preload, backed up by conventional gearing.
Further, as will be described in detail below, the input shafts of the DC-500 had a lower
reduction ratio than the DC-700, and, unlike the DC-700, the ratios for the two shafts were
not identical (this is discussed later in the DISCUSSION OF RESULTS section).

The same differential velocity kinematics apply (previously presented as eq. (20) for a single
ratio R):

oy = wy2/Ryr, - oy /Ryp) (36)
but in this case, the two ratios, Ry and Ry are not identical.

Also, since the DC-500 drive had a lower transmission ratio (nominal 24:1), the NAS-300A
drive, acting as a speed increaser or speed reducer at 29.23:1, limited the measurable output

velocities to slightly lower values.

Another difference from the DC-700 drive was that, as a consequence of traction-drive
preloading, the Coulomb friction for the DC-500 drive was significantly higher.

Due to the relatively high friction torque, tests presented here were limited to approximately
75% of rated full torque. During tests, the transmission heated up significantly. A cooling
fan helped keep the temperatures down, and cool-down periods between tests were
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sometimes necessary.

Angular Linearit

One prospective advantage of traction drives is high linearity. Tests performed on the DC-
700 drive were repeated for the DC-500 drive.

Linearity Test Procedure.- The test procedures for linearity were identical to those of the
DC-700 drive. Incremental ratios were measured for: shaft H1 driven, shaft H2 fixed, shaft L
free; shaft H1 fixed, H2 driven, and L free; and shaft H1 driven, shaft H2 free, shaft L. fixed.

Data.- Figure 42 shows the incremental ratio from shaft H1 to shaft L. The mean ratio
measured was 23.50:1; for reference, the mean ratio is plotted superimposed on the data. The
standard deviation of the incremental transmission ratio was 0.05.

Figure 43 shows the incremental ratio from shaft H2 to shaft L. The mean ratio (shown
superimposed on the data) was 24.08:1, and the standard deviation of incremental

transmission ratio was 0.04.

Figure 44 displays the data for the rotation of H2 with respect to H1, with L fixed. Unlike
the DC-700 transmission, this ratio was not unity. Rather, it was approximately 1.02: 1.

Analysis.- The different ratios for L:H1 (23.50) vs L:H2 (24.08) result in a slightly different
behavior from that of the DC-700 drive. For the DC-500 drive, if shafts H1 and H2 are turned
at the same speed, then the output shaft, L, will not be stationary.

The different ratios were confirmed with respect to measuring the ratio of H2:H1 (1.02). In
this case, shaft L was fixed, and H1 was rotated, and the angles of H1 and H2 were sampled
and logged. The measured ratio of 1.02:1 is a good match to the ratio of ratios, 24.08/23.50 =
1.025.

In computing efficiencies, it is important to take into account the difference between L:H1
and L:H2 ratios.

Cogging

Cogging tests for the DC-500 transmission were performed similarly to those of the DC-700
transmission. An important difference, though, was that the reverse (shaft L) stick-slip
friction was much lower, enabling measurement of shaft-L cogging by the same method as
used for shafts H1 and H2. That is, it was not necessary to resort to the break-away torque
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measurements performed for shaft L of the DC-700 transmission.

Cogging Test Procedures.- In each case, the shaft under test was rotated smoothly and
slowly in series with a reactionless torque meter. Torques were recorded at specified
intervals of input angle. Mean torques and standard deviations of torques were computed for

comparison with the DC-700 transmission.

Data.- Figure 45 shows the input torque required to smoothly rotate shaft H2 with shaft H1
free and shaft L fixed. Torques were sampled and recorded every 3.5 degrees over 2
revolutions of shaft H2. The mean torque was 1.54 N-m and the standard deviation of torque

(indicative of ripple) was 0.10.

Figure 46 shows the input torque over 25 revolutions of shaft H2. This data corresponds to
what would be one full revolution of shaft L (although shaft L was fixed in this test). The
mean and standard deviation of the input torque were consistent with the higher-resolution
data of figure 45,

Figure 47 shows the input torque required for the reverse case: H1 driven, H2 free, L fixed.
The mean torque required to drive shaft H1 was 1.6 N-m, and the standard deviation was
0.14. Input torque is shown for driving shaft H1 in both the positive and the negative

direction for a full revolution each.

Figure 48 shows the input torque for turning shaft H1 with H2 fixed and shaft L free. The
mean H1 torque was 1.2 N-m and the standard deviation was 0.10.

Figure 49 shows the result of turning shaft H2 with H1 fixed and L free. The mean input
torque was (0.95 N-m and the standard deviation was 0.50

The next two tests performed on the DC-500 drive could not be performed on the DC-700
drive, due to stick-slip friction. For the DC-500 drive, it was possible to rotate shaft L slowly
and smoothly by hand. The results are shown in figures 50 and 51 for shafts H2 and H1
fixed, respectively.

The mean torque required to back-drive shaft H1 was 27 N-m, and the standard deviation was
2.0. To back-drive shaft H2 required a mean torque of 13 N-m, and the standard deviation

was 5.5.

Analysis.- Input friction for shaft H1 driving shaft L was several times higher for the
DC-500 drive vs the DC-700 drive. However, the standard deviation of shaft-H1 torque was
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half that of the DC-700 drive. Thus, while the input friction was significantly higher for the
DC-500 drive, the torque ripple was significantly lower. The same comparison was also true
for the case of shaft H1 driving shaft H2 (shaft L fixed). For both the DC-700 and the DC-
500 drives, higher torque was required to drive shaft H2 with shaft H1 than was required to
drive shaft L with shaft H1. In both casess, the DC-500 drive had higher friction but lower
torque ripple.

Tests with driving shaft L are harder to compare, since the DC-700 drive exhibited too much
stick-slip friction to obtain cogging data. The release torque of the DC-700 drive was
approximtely 12 N-m, whereas the torque required to back-drive the DC-500 drive was 27 N-
m with shaft H1 free, and 13 N-m with shaft H2 free. It is noteworthy that driving shaft H2
via shaft L had roughly half the friction, but nearly three times the ripple vs driving shaft H1
via shaft L.

A similar asymmetry was noticed with the forward cases of driving shaft L via shaft H1 vs
driving shaft L. via H2. Driving shaft L via H1 required more torque, but had lower torque
ripple than driving shaft L via shaft H2.

Friction

Friction tests for the DC-500 drive were performed in the same way as for the DC-700 drive.
Data and analysis for the DC-500 drive friction follow.

It is noteworthy that the DC-500 drive did heat up significantly during testing. Forced-air
cooling and intermittant cool-down periods were required. No overheating problems were
observed with the DC-700 drive, but the friction was much lower in this drive.

Data.- Figure 52 shows the friction data acquired for shaft H1 driven, H2 fixed and L free.
Individual data points are marked corresponding to steady-state speeds at which input torques

were measured.

Shaft H1 friction data is similarly displayed for the case of shaft H2 free and shaft L fixed,
shown in figure 53.

Shaft H2 friction data is given in figure 54 for fixed shaft H1 and free shaft L, and in figure
55 for shaft H1 free and shaft L fixed.

Shaft L friction, for which the low-speed shaft is driven and for which the transmission
behaves as a speed increaser, is shown in figures 56 and 57. Figure 56 is the case of shaft H1
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free and shaft H2 fixed, and figure 57 is the case of shaft H1 fixed and shaft H2 free.

Analysis.- Like the DC-700 drive, the friction plois for the DC-500 drive are relatively flat vs
speed. This indicates that frictional losses are dominantly due to Coulomb friction. The
friction plots are also consistent with the computed mean torque at low speeds, as measured
in the cogging tests.

Driving shaft L (unloaded) via shaft H1 required roughly 1.2 N-m, and driving shaft L
(unloaded) via shaft H2 required only about half that torque. Similarly, back-driving shaft
HI (unloaded) via shaft L required approximately 25 N-m, whereas back-driving shaft H2 via
shaft L required about 12 N-m.

Friction torque for driving shaft H1 via H2 vs driving H2 via H1 was nearly symmetric at
roughly 1.5 N-m.

Note that in the tests presented earlier for the DC-700 drive, back-driving shaft H1 via shaft
L required only about 5 N-m, and back-driving shaft H2 via shaft L required about 10 N-m.
Oddly, with the DC-500 drive, it was easier to back-drive shaft H2 (12 N-m) than it was to
back- drive shaft H1 (25 N-m).

It is noteworthy that the DC-500 drive had considerably more Coulomb friction than the DC-
700 drive. For shaft H1, the DC-700 drive had a 35W loss for dnving shaft H1 with shaft L
unloaded at the maximum test speed. The same conditions for the DC-500 drive led to over
170W loss.

In backdriving the DC-500 drive, the power loss due to Coulomb friction at shaft L driving
shaft H1 was approximately 130W at the maximum speed tested. Backdriving shaft H2 at
the maximum speed tested required 55W.

The larger Coulomb friction components of the DC-500 drive influence efficiency, resulting
in lower efficiencies. This is particularly true at lower torques, since the frictional torque is

then a significant fraction of the total torque.

Efficiency

Efficiency Test Procedures.- Efficiency tests were conducted identical to those described

previously for the DC-700 drive.
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Data. - Figure 58 shows the results for the condition of stationary shaft L.
Figures 59 through 66 show the efficiency results for 7 additional (non-zero) output speeds.

Analysis.- At the higher torque levels, efficiencies were measured at about 85%. Efficiencies
dropped off dramatically at lower torques, since the higher Coulomb friction was then a
higher percentage of the net torque. The datapoint markers and the solid vs dashed lines may
be interpreted in the same manner as presented for the DC-700 transmission.

GROUNDED RING (MOMENTUM BALANCED) DRIVE (DC-400)

The DC-400 transmision has a single high speed shaft, referred to as shaft "H", and dual
counterrotating output shafts, referred to as shaft "L1" (inner output shaft) and shaft "L2"
(outer output shaft). The terms "input" and "output” are used in the conventional sense in
that power is typically introduced to a high speed shaft and transmitted out a low speed shaft.
In such cases the transmission is used as a "speed reducer” which amplifies the torque
produced by a high-speed, low torque electromechanical actuator. It should be recognized,
however, that each of the three shafts can input or output power. Efficiency tests, for
example, were performed with both forward and reverse power flows at both high-speed
(input) and low-speed (output) shafts.

In the DC-400 transmission all three shafts are kinematically linked. If one of the shafts is
locked or constrained, then the other two cannot be moved, i.e.,torque and motion transfer
paths between any two shafts are not independent of the third shaft. The two output shafts
(L1 and L2) counterrotate at equal and opposite speeds. This is in contrast to the DC-700 and
DC-500 transmissions which allow torque and motion transfer between any two shafts with
the third shaft constrained. As a consequence of its kinematic differences with the DC-700
and DC-500 units, the test procedure for DC-400 was quite different from that of the DC-700
and DC-500 units.

The DC-400 transmission was integrated into the test stand as per drawing DC-800-SK, sheet
2, subject to the coupling modifications noted above. Angular linearity, torque cogging,
Coulomb and viscous friction, and power transfer efficiency are presented in this section.

Shortly after tests were initiated, a failure of the drive occurred. Disassembly of the drive
revealed that it had been assembled with an incorrect locknut on the outer output shaft (part
DC-400-15). The outer diameter of the locknut that was used had not been relieved as on the
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Whittet-Higgins nut that was specified. As a result, the nut rubbed the inside of the Seal
Carrier-Output (DC-400-18). The nut machined aluminum chips from the seal carrier, and
eventually seized. Torque input to the outer output shaft unscrewed the nut allowing the
Output Spindle-Inner (DC-400-16) and the Cluster Carrier (DC-400-25) to move toward the
input side. The Planet Rollers, 1ST Row (DC-400-26) were forced out of ali gnment until two
of them fractured. A new set of Planet Rollers, 1ST Row was manufactured, the locknut was
machined to its specified configuration, the seal carrier was cleaned of debris, and the Ring
Rollers (DC-400-22) polished to remove nicks. Some surface distress was found on the
Grounded Ring (DC-400-03) so it was decided to use the alternate grounded ring in the
reassembly. The drive was then reassembled for test. Details of the reassembly are given in
the Post Failure Reassembly section of the discussion on DC-400 drive desi gn.

Angular Linearit

Conventional geared transmissions have exact integer-fraction transmission ratios. However,
tooth-to-tooth interactions result in small variations in the ratio of incremental input angle to
incremental output angle. Such variations give rise to velocity ripple of the output for
smooth rotation of the input. Velocity ripple acting on a load inertia induces torque
pulsations. Transmissions with identical reduction ratios can have quite different behaviors
within a system, depending on their linearity.

The DC-400 transmission has no gear teeth, but instead relies on smooth rolling contact of
sun and planet rollers. Consequently, such designs have the potential for smoother operation
(i.e., greater linearity). Another consequence of such designs is that the transmission ratio is
not precisely known a priori, as it can depend on machining tolerances of the rollers. Further,
the transmission ratio can change slightly under load, as the rollers exhibit rolling creep.

Linearity Test Procedure.- To measure the transmission ratio and linearity, the precision
BEI encoders were coupled to the DC-400 transmission. The motors, torque sensors and
load transmissions were removed, so as to eliminate the influence of coupling imperfections
with these elements. Shaft H (input shaft) was rotated slowly and smoothly by hand. The
direction of rotation was maintained constant (to minimize any backlash effects) while
encoder readings were logged by the data acquisition system. All three angles were recorded
at 1-degree increments of shaft L1 (plus or minus 0.001 deg). The data was acquired over a
full revolution of L1, corresponding to 24 revolutions of shaft H.

Data.- The raw data of input angle vs output angles is relatively uninformative, as the
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dataplots are indistinguishable from strai ght lines. To obtain average transmission ratios, the
output angles were fit to equations: H = L1*R1 and H = L2*R2, where the input angle (H)
was fit to the output angles (L1 and L2) via a least-squares fit of the data, yielding
correlations R1 and R2 of the effective transmission ratos.

The resulting transmission ratios were: R1 = 23.98 and R2 = 24.12. Given these average
ratios, gross transmission nonlinearity could be evaluated by comparing the measured angles
L1 and L2 to the ideal angles H/R1 and H/R2 respectively. Figure 67 displays the errors
L1*R1-H and L2*R2-H vs input angle H. The maximum deviation of angle L1 from the ideal
corresponds to approximately 1 degree of input angle, observed at nearly 2000 degrees of
input rotation. The deviation of angle L2 was roughly half as large.

The incremental transmission ratio, R = (delta K)/(delta L), was computed with respect to
both outputs, evaluated at increments of 1 degree of each output. The result is plotted in
Figure 68. The mean incremental transmission ratios were R1=23.97 and R2=24.11, which
agree closely with the least-squares evaluations of the ratios. The incremental ratio R1 varied
from a minimum of 23.88 to a maximum of 24.05, and had a standard deviation of 0.03. The
incremental ratio R2 varied from a minimum of 24.00 to a maximum of 24.26, with a
standard deviation of 0.03.

Analysis.- The standard deviation of incremental transmission ratio is a reasonable fi gure of
merit for smoothness. The standard deviation of incremental transmission ratio of the DC-
400, computed at 0.03, indicates that this is a relatively smooth drive, characteristic of
traction-drive designs. By comparison, the DC-700 drive (which incorporates gears) had a
standard deviation of transmission ratio of 0.10, and the DC-500 drive (a traction-drive
design) had a corresponding standard deviation of 0.05. It should be noted that the resolution
limit of the encoders (at 0.001 degree) introduces some error in this computation. Encoder
resolution artifacts can imitate incremental rato errors approximately as large as the
computed standard deviation of the DC-400 drive. While the computed standard deviation is
comparable to the measurement noise, specific datapoints in the dataset exceed the variations
expected from sensor discretization. Thus, the computed 0.03 standard deviation is believed

to be a realistic measure of the transmission's linearity.
Cogging

In addition to angular nonlinearity, another source of torque ripple in transmissions is
cogging. Cogging is a quasi-static phenomenon that can be induced by effects such as
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variable binding due to imperfect tolerances. Cogging can have both reproducible and
stochastic components. For example, a flat spot on a roller would result in a reproducible
torque disturbance, whereas dust or dirt between rollers could introduce torque variations that

are not repeatable.

Cogging Test Procedure.- Accurate measurement of cogging requires a smooth input driver.
Further, such tests should be performed quasi-statically, to avoid affecting the data with
dynamic terms (e.g., due to angular nonlinearity). For such tests, it is not necessary that the
input driver enforce a steady velocity, provided the accelerations are low. Thus, manual

rotation is a good candidate input driver.

Cogging tests were performed on shafts H (input) and L1 (inner output) of the DC-400, in
each case with the remaining shafts unconstrained. Shaft H was rotated for approximately
500 degrees in both the positive and negative directions. The rotation was induced by hand,
in series with the input torque meter. During this rotation, the input torques were datalogged

vs shaft angle.

Shaft L1 was more difficult to drive, since the friction was too high to rotate it manually.
The NAS-300A load transmission was used, in this case, to amplify manually-induced drive
torques. The input shaft of the NAS-300A was manually rotated, and the output of the NAS-
300A drove shaft L1 (inner output shaft) of the DC-400 transmission through a reactionless
torque meter. Since the NAS-300A is a relatively smooth transmission, this approach
enabled slow, smooth excitation of shaft L1. Further, since the torque transducer was located
between the NAS-300A output shaft and shaft L1 of the DC-400, the torque measurements
did not include any imperfections of the NAS-300A. The manual rotation produced a shaft
L1 rotation of plus and minus 245 degrees. Torques acting on shaft L1 were datalogged vs
the angle of shaft L1.

Cogging of shaft L2 could not be measured directly. The hollow harmonic drive (load
transmission) on shaft L2 did not permit a smooth enough excitation to obtain valid cogging
data. The cogging of shaft L2 may be expected to be similar to that of L1.

Data.- Figure 69 shows the results of the positive and negative rotations of shaft H. The
mean torque (plus and minus) is 1.56 N-m and the standard deviation is 0.12 N-m. There are
three noticeable torque increase "humps" in the data. Windowing a section of data which
excludes these relatively large, low-frequency variations results in reducing the standard
deviation by half (to 0.06 N-m).
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Figure 70 shows the results for shaft L1. The mean torque (plus and minus) is 36.8 N-m and
the standard deviation is 4.8 N-m. Again, windowing a section of data which excludes the
several relatively large, low-frequency spikes, the resulting standard deviation is si gnificantly
less at 2.6 N-m.

Analysis.- The data shows that torque nonlinearity is dominated by Coulomb friction. The
Coulomb friction was 1.56 N-m for shaft H and 36.8 N-m for shaft L1. The cogging data
showed occasional significant variations in input torque (on the order of 30%). Such
variations may be due to small eccentricities of the rollers. The higher-frequency torque
variations were much smaller -approximately 0.1 and 3.0 N-m RMS for shafts H and L1,

respectively.

The ratio between input Coulomb friction and the Coulomb friction of shaft L1 is 23.6, which
is remarkably close to the reduction ratio. This observation suggests that the friction load
may be coming from a common source. In that case, one would expect to find the Coulomb
friction losses distributed among the 3 shafts, rather than find additive losses for each shaft
independently.

The input friction and cogging for shaft H of the DC-400 were very close to those measured
on the DC-500 (dual-input) transmission inputs (with shaft L locked). The inner output
friction (shaft L.1) of the DC-400 was also roughly comparable to shaft-L (output) friction of
the DC-500 with shaft H2 fixed. The DC-700 transmission (which incorporated gear teeth)
had lower friction but greater torque ripple.

Friction.

The cogging tests revealed the presence of strong Coulomb friction. Accounting for such
friction is an important element of reconciling transmission efficiencies. Ordinarily, a
transmission exhibits a speed-dependent friction term in addition quasi-static friction. Tests,
data and analysis of speed-dependent friction of the DC-400 transmission are presented
below.

Friction Test Procedure.-Friction tests were performed by driving each shaft, one at a time,
with the remaining two shafts unconstrained. The driving torque was measured for each case
at selected drive speeds, both positive and negative. At each speed, approximately 5,000
samples of the drive torque meter were acquired over 5 seconds, sampled at 1kHz. The
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analog low-pass filter of the torque sensor drive electronics in each case was set to 1Hz. The
test speeds were stepped up incrementally from near zero to maximum positive, then retraced
to zero, then stepped to maximum negative, then retraced back to zero. This sequence
permitted inspection of whether the data was reproducible, whether approach from hi gher or
lower speeds had an influence, and whether the data was affected over the course of the run,
e.g. due to mechanical run-in or temperature.

Data.- Figures 71, 72 and 73 show the friction data measured. Figure 71 is the input friction
driving shaft H with shafts L1 and L2 free. Figure 72 is the friction observed dnving shaft
L1 (inner output) with shafts L2 and H free. Figure 73 shows the friction of shaft L2 (outer
output) with shafts H and L1 free. Unlike the cogging friction tests, measurement of shaft 1.2
friction was possible, since input torques were averaged at each velocity, rather than logged

in detail as a function of angle.

Analysis.- The friction plot for shaft H is somewhat anomalous. The Coulomb friction is
evident at low speeds, consistent with the results from the cogging tests. However, the low-
speed friction has an imbalance between positive and negative torques. This imbalance is
likely due to sensor noise introduced as electromagnetic interference from the PWM power
amplifiers of the motors. (The cogging tests used manual excitation, and thus did not pick up
motor interference). Besides the slight imbalance in low-speed friction, the higher-speed data
also shows a difference between positive and negative velocities. The positive-velocity
datapoints have a velocity dependence of approximately 0.005 N-m/(rad/sec). The negative
velocities, however, showed no consistent velocity-dependent friction. It should be noted
that the positive velocities were tested first, followed by the negative velocities. It is possible
that the data is influenced by heating effects (thermal expansion and traction-fluid viscosity)

and by mechanical run-in.

Measurements on shaft L1 (Figure 72) were more consistent. The low-speed datapoints
agreed closely with the Coulomb friction observed from the cogging tests. The hi gher-speed
datapoints showed a relatively weak and relatively symmetric velocity dependence. A least-
squares fit of the velocity dependence yielded 1.6 N-m/(rad/sec). However, the data showed
a higher-order dependence than a simple offset-plus-linear model. The linear term provides a
reasonable approximation of the velocity dependence within the range of the data, but it
should not be extrapolated beyond the measured speeds. At higher speeds, it appears that the
velocity dependence becomes weaker.

Friction of shaft L2 (outer output, Figure 73) was harder to interpret. The low-speed friction
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was approximately 45 N-m, significantly higher than the 36.8 N-m Coulomb friction of shaft
L1. Although the torque meter for shaft L2 is not well sized to accurately measure such
relatively low torques, the difference between the L2 and L1 Coulomb friction torques (8 N-
m) is 0.7% of the L2 torque meter's range, which lies within the claimed 0.1% linearity.
Thus, the measurements should be reliable in the result that shaft L2 Coulomb friction is

approximately 20% higher than that of shaft L1.

There does appear to be a relatively weak dependence of the L2 friction on velocity.
However, the data cannot support a reliable conclusion regarding the sensitivity. It is also
noteworthy that the positive velocities showed a stronger velocity-dependent friction than the
negative velocities. As with the input friction data, however, this may be due to slow thermal
or mechanical wear variations during the data collection.

The relatively large Coulomb friction and relatively weak velocity-dependent friction

behavior observed is consistent with traction-drive designs.

Efficiency

Efficiency tests were performed on the DC-400 transmission under nearly 200 steady-state
conditions of speed, input torque, and ratio of output torques. The data included power flow
in both the "forward"condition (power into high-speed shaft, power out of low-speed shafts)
and "reverse" (power into shafts L1 and L2, power out of shaft H).

Various constraints of the test equipment and of the DC-400 transmission limited the
conditions to relatively low speeds and torques (roughly half the rated limits). The
harmonic-drive load transmission limited the velocity of the tests to input speeds between
-105 rad/sec and 105 rad/sec. Since the wave generator and flex spline of the harmonic drive
were not adequately restrained in the axial direction, this transmission would bind up at
higher speeds and under some conditions of direction of rotation and direction of power flow.
In addition, axial drift of the harmonic-drive flex spline led to excessive friction under some
test conditions of higher speeds and torques, corrupting the efficiency data. It was
anticipated that the efficiency tests would be limited by the power limitations of the
Compumotors used. The Compumotors were limited in both speed and torque to
approximately half of the DC-400 rating. However, it was found that the Compumotors'
speed limits were higher than the harmonic-drive speed constraint, so the Compumotors did
not present a binding constraint on speed. In addition, although the Compumotors were not
capable of exerting the full rated input torque of the DC-400, it was found experimentally
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that the DC-400 could not accept input torques in excess of 17N-m (150 in-1b[), so the

Compumotor torque limits were also not binding constraints.

The Uniq motor presented another constraint on the efficiency tests. This motor performed
well as a power source, but it was not well behaved as a power sink. Some data was taken
with this motor acting as a power sink, but the load torque provided was less well regulated.
This constraint limited the measurements of forward efficiency (power in at shaft H and out
at shafts L1 and L2).

The DC-400 design presented additional unexpected constraints on the torques which could
be tested. Due to internal preloading limits at the grounded ring, it is most desirable to keep
the two low speed shaft torques (L1 and L2 torques) within approximately 30% of each
other to avoid the danger of slip at the grounded ring. A more surprising limit was the
maximum input torque that the transmission could accept. Although it was rated for 36 N-m
(320 in-Ibf) input torque, it was found that the transmission misbehaved (appeared to induce

roller slip) at input torques in excess of 17N-m (150 in-Ibf).

The DC-400 was thus tested to the limits of the torques it could support, but the tests spanned
only about 35% of the rated speed.

Efficiency Test Procedure.- For each condition of speeds and torques, the transmission was
driven as follows. Shaft H (input) speed was regulated by driving the input Compumotor in
synchronous mode. Shaft L1 torque was regulated by driving the second Compumotor (via
the NAS-300A transmission) in torque mode. The Uniq motor was driven by a soft velocity-
control loop. As the Uniq motor velocity control command was varied about the enforced L2
velocity, the resulting torque exerted by the Uniq motor (via the harmonic-drive load
transmission) on L2 varied. Correspondingly, the torque on shaft H varied (by approximately
1/24 of the L2 torque change). Under such control, various combinations of shaft speeds and
torques could be produced.

Data was acquired at steady-state input velocities of -105, -70, -35, 35, 70 and 105 rad/sec.
At each speed, tests were performed at steady-state input torques ranging between
approximately plus and minus 17N-m (150 in-1bf). At each combination of speed and input
torque, torque conditions on shafts L1 and L2 were tested, typically for 5 conditions of output

torque ratio ranging from approximately 0.7 to 1.4.

Data.- Figure 74 displays a summary of data for the transmission efficiency in "reverse"
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operation (power input to L1 and L2, power output from H). Each of the curves displayed
comprises a set of data taken at constant input velocity. The 6 curves represent input
velocities of -10S, -70, -35, 35, 70 and 105 rad/sec. For each curve, specific datapoints are
noted, totaling 39 conditions. For each condition, the two output shafts (L1 and L2) were
driven with approximately equal torques and spesds (and thus approximately cqual power).
The Compumotor on shaft H was used as a power sink. The power extracted at port H
divided by the power input to shafts L1 and L2 is plotted as the efficiency.

Figure 75 displays corresponding data for conditions of "forward" power transfer (power
into shaft H and out of shafts .1 and L2).

Figure 76 offers a different visualization of the data. Efficiencies are plotted vs shaft H
torque, rather than vs input power. Lines on this plot are, again, groups of datapoints
acquired at constant speed. All 12 lines from Figs 74 and 75 (both forward and reverse
power flow data) are included on this common plot. From this figure, it is evident that the
efficiency improves with higher input torques. This observation is consistent with a
hypothesis that transmission losses are primarily attributable to Coulomb-type friction, likely
due to roller preloading. Such friction seems to be independent of speed and of output
torque. To further explore this hypothesis, the power loss for each condition was computed,
and the equivalent friction torque which could account for this loss (with respect to shaft H)
was computed. A display of the equivalent loss torques (computed from the reverse

efficiency data) is given in Figure 77.

Additional tests were performed with imbalanced torques L1 and L2. At input speeds of plus
and minus 35, 70 and 105 rad/sec, and at input torques of plus and minus 80 in-Ibf, 110 in-1bf
and 150 in-1bf, the torque ratio between output shafts L1 and L2 was varied .

Efficiency data is plotted for each input speed, displaying efficiency vs output torque ratio,
for lines of constant input torque. Nine such plots are included. Figures 78 through 83 show
the "reverse" efficiencies (power sources at L1 and L2, power sink at H) for input speeds of
-105, -70, -35, +35, +70, and +105 rad/sec, respectively. Figures 84, 85 and 86 show similar
tests for "forward" efficiency (power sourced to shaft H, power sinks at L1 and L2). These
plots display the results for input speeds of +35, +70 and +105 rad/sec, respectively.

Due to axial drift of the harmonic-drive wave generator, tests could not be performed for
forward power flow with a negative input velocity. In addition, the data for forward power
flow at +105 rad/sec was limited to conditions of L1 torque less than L2 torque. Increasing
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torque on L1 higher than the torque on L2 resulted in roller slip.

Analysis.- Figure 75, which displays the "forward" efficiency values, indicates efficiencies as
high as 92%. (Even higher efficiencies were measured when the output shaft torques were
not balanced, favoring power flow via shaft 1.2). Figure 75 indicates that it is typically true
that higher power transfers result in greater efficiency. The curve corresponding to an input
velocity of +35 rad/sec seems to be an exception to this trend. Note, though, that the
anomalous points occur at relatively low torques and at the lowest speed, making the
measurement sensitivity poorer and the susceptibility to noise (such as the EMI produced by
the motor amps and picked up by the torque-sensor electronics) hi gher.

The trend to higher efficiencies at higher powers is indicative of an equivalent "fixed cost" of
transmission losses, which is proportionately less important as input powers increase. To
test such a model of efficiency, Fig 76 was generated, in which all 12 of the constant-speed
data sets are plotted (both positive and negative input velocities, and positive and negative
power flows) vs input torque, rather than vs input power. For the most part, the lines of Fig
76 converge. This suggests that the efficiency is primarily a function of input torque. As the
input torque increases, the efficiency increases. This is consistent with having a fixed input

friction, which represents a smaller percentage loss as the input torque increases.

Figure 77 shows the computed equivalent input-shaft friction which could account for the net
power loss for each reverse-efficiency measurement. If the losses could be explained by pure
Coulomb friction, then the loci of Fig 77 would appear as coincident, horizontal lines. The
computed Coulomb friction, however, varies from less than 1 N-m to nearly 6 N-m. Itis
possible that the higher computed friction values reflect additional friction introduced by the
harmonic-drive flex spline. The lower computed friction values are more nearly flat vs input
power, and thesetorque values are closer to the measured input-shaft friction with unloaded
output shafts. Overall, this plot suggests that the DC-400 efficiency at different speeds and
torques can be reasonably estimated by considering losses due to Coulomb friction,
essentially independent of load. In addition, this plot suggests that harmonic-drive friction

did influence the measurements, and it suggests a range for this influence.

In both Figures 74 and 75, the data at positive input speeds indicates a higher efficiency than
the corresponding data at negative input speeds. There is no obvious reason why the DC-400
transmission data should have a preferred direction of rotation, and no such asymmetry was
observed in the friction. This phenomenon is likely attributable to the test-stand problem
with the harmonic-drive cofnponents. The direction of axial drift of the harmonic-drive flex
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spline was a function of the direction of rotation. When this component translated into
contact with its confining thrust washers, the resulting friction would affect the
measurements, yielding a lower apparent efficiency. It could not be observed when such
internal friction arose. However, this flaw in the test rig could only decrease the apparent
efficiency. Thus, the highest measured efficiencies are the most credible.

The highest measured efficiencies exceeded 95%. As expected, based on the measured
Coulomb friction, the highest efficiencies typically occurred at the highest torque loading.
Some exceptions are notable. For example, Fig 83 (reverse efficiency at input speed +105
rad/sec) shows an efficiency at 150 in-1bf input torque which is lower than that of the 80 and
110 in-1bf input torques. This condition likely indicates the onset of roller slip in the DC-
400 at this condition of speed and torque.

The differential output torque measurements (Figs 78 through 86) gave a surprising result.
Efficiencies were typically higher when shaft L2 (outer output) was driven harder than shaft
L1 (inner output). The friction measurements indicated that shaft L2 had a higher friction
than shaft L1 (when the remaining two shaflts were free). Thus, it would seem that
efficiencies should be higher when more power is transmitted through shaft L1 than through
shaft L2. As the output torque ratio L1/L2 varied from about 0.7 to about 1.4, the efficiency
fell by (typically) several percentage points.It may be that this variation is an artifact of the
test-stand flaws (particularly the harmonic drive friction), or it may be that the effect is a
result of the complex kinematic interactions among the differential rollers of the DC-400

drive.

Finally, the efficiency data also provides information regarding roller creep vs load. The data
from Fig 74 was used to compute the speed ratio from input shaft H to output shaft L1
(output shaft L2 angle could not be measured directly under load). The ratio of input to
output speed was seen to change as the torque on L1 increased. For the data of Fig 8, shaft
L1 was driven with a power source. As a result, this shaft ran somewhat faster than predicted
by the transmission ratio (as measured under unloaded conditions). Alternatively, the speed
ratio from H to L1 decreased as the torque on shaft L1 increased. The result is shown in Fig
87. Creep between shafts H and L1 apparently changes linearly as a function of applied
torque. The lone out-lying datapoint (at ratio=23.07) corresponds to an input torque in
excess of 150 in-1bf. Thus, this datapoint likely includes some roller slipping.
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DISCUSSION OF RESULTS

Several comparisons can be made between the performance of the Differential Roller-Gear
Drive (DC-700) and the Differential Roller Drive (DC-500). As expected, the linearity of the
Roller Drive is superior to that of the Roller-Gear Drive because the transfer of motion
through rollers is smoother than through gears. The standard deviation of non-linearity in the
Differential Roller Drive was approximately half that in the Differential Roller-Gear Drive.
Variations in linearity result in small variations in the ratio of incremental input angle to
incremental output angle which give rise to velocity ripple of the output. Velocity ripple
acting on a load inertia induces torque pulsations. In a similar vein, cogging or torque ripple
tests showed that the Differential Roller Drive is smoother as a speed reducer than is the
Differential Roller-Gear Drive. Additionally the Differential Roller-Gear Drive exhibited
some stick-slip in a back driving mode. Attempts to conduct cogging tests driving the output
or low speed shaft with both input shafts free were unsuccessful because of a significant
breakaway torque. The Differential Roller Drive was smoother in a back driving mode. In
any robotic application where variations of output velocity and torque are critical to

performance acceptability, use of a roller drive would be advantageous.

For simplicity of design a varible preload system was not incorporated into the Differential
Roller Drive. Itis preloaded at assembly with shims. At first assembly the preload was set at
100% of rated torque. The resulting tare torque was quite high, so the preload was reset at
approximately 80% with the view that, after run-in, the drive would relax allowing an
increase of preload to full rating while still maintaining a reasonable level of tare torque.
Tests were therefore limited to 80% of full torque rating to avoid risking roller slip.
Although simpler mechanically, the Coulomb friction losses in a fully preloaded drive are
almost constant regardless of the torque (or power) being transmitted so that efficiency losses
are incurred whenever levels of torque transfer are less than full rating. Friction losses at
zero power output were five times as great in the Roller Drive as in the Roller-Gear Drive
when each drive was operated as a speed reducer. Details of friction losses through the

various torque transfer paths at zero power output are shown in Table XI.

Differential Roller-Gear Drive efficiencies at the highest output speed at which
measurements were taken (4.9 rad/sec) ranged from 87 to 94% at full rated torque, and 86 to
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